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SUMMARY 
 
Heavy metals are found as pollutant in many industrial waste waters. The 
toxicity of heavy metals has been known for many years and they belong to 
persistent toxic substances. Therefore, removal of these metals from 
industrial effluents represents an important challenge in order to avoid one of 
the major causes of water and soil pollution. 
The aim of this thesis was the efficient removal of two metal ions which are 
close to or more noble than hydrogen in the electromotive series (i. e. zinc and 
copper) from aqueous solutions that simulate industrial wastewater 
containing these two elements. The removal was done by employing an 
electrolytic reactor, provided with a 3-dimensional packed-bed cathode of 
carbon particles, operated in a continuous recirculation mode of flow. 
Firstly, the removal of copper from monometallic solution was dealt with 
where the effects of initial concentration of the metal, flow rate, applied 
current intensity and initial pH (pHo) on removal % and current efficiency of 
the metal removal were presented. Moreover, two experiments were 
performed at the same recirculation flow rate, pHo and initial concentration. In 
the first one the applied current was fixed at 7 A, while in the second one the 
applied current was decreased from 7 A to 3 A; by manually decreasing 1A 
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every 15 minutes. The second mode of current application led to saving of 
41.6 % in the electrical energy utilized for about 96 % removal of copper. Also, 
the removed copper could be recovered as Cu2O.  
Secondly, the removal of copper and zinc from bimetallic solutions - 
containing different mass ratios of Cu to Zn in the range from 0 - 80 % - were 
investigated. Experiments were carried out under galvanostatic condition. The 
initial pH was kept almost constant at a nominal value of 2.65 and the rate of 
flow of the treated solution was fixed at 0.065 L/s. It was found that: 
- The increase of Zn ratio did not affect the removal of copper negatively; but 
the presence of Cu with Zn did. 
- Increasing applied current intensity enhanced the removal of Cu and Zn 
while the current efficiency was decreased. 
- The effects of generation of hydrogen, anodic dissolution and IR drop are 
main reasons for decreasing current efficiency. 
Thirdly, a kinetic study was carried out in order to determine the order of the 
kinetics of metal-removal process and to shed light on how the operating 
parameters affect the value of rate constant. The study revealed that: 
- The removal of copper and Zn ions followed first order kinetics with respect 
to the concentration of the metal. 
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- The apparent rate constant, k, of copper removal was found to depend on 
(F.R.), (pHo), (Co)Cu, (I) and the presence of Zn in the same solution with Cu. 
- The apparent rate constant, k, of Zn removal was found to be almost 
independent of the mass ratio of copper to zinc and increased with increasing 
applied current. 
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CHAPTER ONE 
 
INTRODUCTION 
 
Public concern over heavy metal pollution has grown constantly since the 
outbreak of Minamata disease caused by mercury in Japan (Kiyoura, 1963, p. 
459). Man's awareness of the hazards of heavy metals now covers a wide 
spectrum of metals such as Arsenic (As), Barium (Ba), Cadmium (Cd), 
Chromium (Cr), Copper (Cu), Lead (Pb), Silver (Ag), Nickel (Ni) and Zinc (Zn) 
(Dean, 1972, p. 519). The toxicity of heavy metals has been known for many 
years. Most of heavy metals belong to persistent toxic substances (Chen et al., 
2013, p. 161). They are long-lasting substances that can build up in the food 
chain to levels that are harmful to human and ecosystem health (Braithwaite 
et al., 2009, p. 180). This fact has provoked an international response to the 
problem. Therefore; the protection of the environment has become a major 
issue and crucial factor for the future development of industrial processes, 
which will have to meet the requirements of sustainable development (Jüttner 
et al., 2000, p. 2575). Wastewater regulations were established to minimize 
human and environmental exposure to hazardous chemicals. This includes 
limits on the types and concentration of heavy metals that may be present in 
the discharged industrial effluents.  
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The maximum contaminant level (MCL) standards, for those heavy metals, 
established by USEPA (Barakat, 2011, p.362) are summarized in Table (1.1). 
Table (1.1) 
The MCL standards for the most hazardous heavy metals 
Heavy metal Toxicities MCL (mg/L) 
Arsenic Skin manifestations, visceral cancers, vascular disease 0.05 
Cadmium Kidney damage, renal disorder, human carcinogen 0.01 
Chromium Headache, diarrhea, nausea, vomiting, carcinogenic 0.05 
Copper Liver damage, Wilson disease, insomnia 0.25 
Nickel Dermatitis, nausea, chronic asthma, coughing, human carcinogen 0.20 
Zinc Depression, lethargy, neurological signs and increased thirst 0.80 
Lead 
Damage the fetal brain, diseases of the kidneys, circulatory system 
and nervous system 
0.006 
Mercury 
Rheumatoid arthritis, and diseases of the kidneys, circulatory 
system and nervous system 
0.00003 
 
Both copper and zinc, at reasonable doses, are essential for human health, 
animal metabolism and the activity of many microorganisms. The excessive 
ingestion of copper, however, brings about serious toxicological concerns, 
such as vomiting, cramps, convulsions, or even death (Lenntech, 2014). Also, 
excessive zinc  could  cause  eminent  health  problems,  such  as  stomach  
cramps,  skin  irritations, vomiting, nausea and anemia (NHI, 2014). 
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1.1 Heavy metals in industrial wastewater 
Heavy metal pollution can arise from many sources but most commonly arises 
from the purification of metals, preparation of nuclear fuels, metal finishing, 
mining waste, fertilizer manufacturing, petroleum refining, and electroplating 
industries. Also some products as paints, pigments, steel works and electrical 
equipment are sources of heavy metal contamination (Stylianou et al., 2007 p. 
133). Due to the discharge of large amount of metal-contaminated 
wastewater, electroplating industry is one of the most hazardous among the 
chemical-intensive industries (Babel and Kurniawan, 2004, P. 951). The 
effluents from electroplating industries contain high amounts of heavy metal 
ions, such as Cr, Ni, Cu, Cd and Zn; Table (1.2).  Of metals used in 
electroplating, only 30 to 40 % are effectively utilized; the rest contaminates 
the rinse waters. Rinse waters may contain up to 1000 mg/L of the polluting 
metals (Dermentzis et al., 2011, p. 697). 
Table (1.2) 
Various types of hazardous wastes generated by some industries and the metals present 
 
Waste type Metals in waste 
Electroplating wastewater                                                         Ag, Au, Cd, Cr, Cu, Ni, Zn 
Waste batteries                                                                                     Ni, Cd, Ag 
Electronic waste                                                                             Cu, Sn, Au, Ag, Ni, Al, Zn 
MSW fly ash                                                                                          Cu, Zn, Ni, Al, Cr, Pb 
Petroleum spent catalyst                                                                               Ni, Co, Mo 
               (MSW: Municipal Solid Waste) 
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1.2 Methods for heavy metals removal 
Since environmental pollution has become one of the most important 
problems threatening our world, the removal of toxic and polluting metal ions 
from industrial effluents, water supplies, as well as mine waters is an 
important challenge to avoid one of the major causes of water and soil 
pollution. The most well-known processes for removing heavy metals from 
wastewater include: adsorption, biosorption, cathodic electrodeposition, 
cementation, chemical precipitation, electrocoagulation, electro-dialysis, ion-
exchange resin, and membrane filtration. Each of these methods has some 
advantages and suffers from some disadvantages which are summarized in 
Table (1.3). 
Table (1.3) 
The main advantages and disadvantages of the various methods for treatment of heavy 
metal in wastewater 
Treatment 
method 
Description of the method Advantages Disadvantages 
Adsorption,  
 ( Gao et al., 2006, 
1946–1952) 
A process in which atoms or molecules move 
from a bulk phase (i. e. solid, liquid, or gas) 
onto a solid or liquid surface. The process 
involves the contact of a free aqueous phase 
with a rigid particulate phase which has the 
propensity selectivity to remove one or more 
solutes (e.g., metal species) present in the 
waste stream. 
Low-cost, easy 
operating cond-
itions, having 
wide pH range 
and high metal 
binding capaci-
ties 
Low selectivity and 
production of 
waste products 
Biosorption,  
(Ahalya et al., 
2003, p. 71-79 ) 
The method depends on the ability of 
biological materials (e.g. algae, bacteria and 
fungi and yeasts) to accumulate heavy metals 
from wastewater. 
Low cost,  high 
efficiency, 
minimization of 
chemical and or 
biological sludge 
Saturation of bio-
mass, little biolog-
ical control and 
high residence time 
Cathodic electro -
deposition,  
(Khattab et al., 
2013, p. 199–203) 
& (Khattab et al., 
2013, p. 205–210) 
Recovery of metals from waste water is 
diﬀerent depending on the concentration of 
copper ions from the eﬄuent.  
• When Cu2+ ion concentration is in the g/L 2-
D cathodes are generally used.  
• When Cu2+ ion concentration is hundreds of 
ppm or less, using 3D electrodes.  
No extra chemical 
reagents, no 
sludge produc-
tion and 
possibility of 
metal recovery  
Loose or spongy 
metal deposit and 
evolution of 
hydrogen and 
oxygen  
5 
 
Table (1.3) - Continued 
 
1.3 Electrochemical technology for environmental protection 
Electrochemical technology has an important role to play as part of an 
integrated approach to the avoidance and monitoring of environmental 
pollution. It makes many contributions to environmental treatment and 
recycling of valuable materials. 
Treatment 
method 
Description of the method Advantages Disadvantages 
Cementation,  
(Dinardo et al., 
1991,  p. 12) 
Cementation is a metal-replacement process in 
which a solution containing the dissolved 
metallic ion(s) comes in contact with a more 
active metal such as iron. 
Simple control 
requirements 
and Low energy 
utilization 
Lower cementation 
rates and utiliza-tion 
of expensive iron 
powder 
Chemical 
precipitation,  
(Zaki et al., 
2007, p. 21–27) 
This method relies upon the addition of 
chemical agents to form a precipitate, followed 
by the collection and processing, and, typically, 
burial of a sludge which contains toxic metals. 
Precipitation by hydroxide formation is the 
most common precipitation method. 
Low capital cost 
and simple 
operation 
Sludge generation 
and extra operat-
ional cost for sludge 
disposal 
Electrocoag-
ulation, 
(Adhoum et al., 
2004, p. 207–
213) 
Coagulating agents are generated during the  
electrolysis process by electro-
dissolution of a sacrificial anode made of alumi
num or iron 
Effective  
method  for  
treating  heavy  
metal 
Induce secondary poll
ution by adding coagu
lants; Produces large 
 amounts of sludge 
Electro--dialysis,  
(Qdais and 
Moussa, 2004, 
p. 105-110) 
The process by which electrically charged 
membranes are used to separate ions, the 
driving force of the process is a potential 
difference. 
High separation 
selectivity 
High operational cost 
due to memb-rane 
fouling and energy 
consumption 
Ion exchange,  
(Qdais and 
Moussa, 2004, 
p. 105-110) 
It is a reversible chemical reaction wherein an 
ion from a wastewater solution is exchanged 
for a similarly charged ion attached to an 
immobile solid particle such as natural zeolites 
or synthetically produced organic resins. 
The exchange 
resin can 
generally be 
regenerated by 
an acid or 
alkaline solution 
for reuse. 
High cost;    most 
commercially 
available resins are 
nonselective; not a 
continuous process 
and system sizing 
must take into 
account resin 
regeneration time 
Membrane 
filtration, 
(Srisuwan and 
Thongchai 2002, 
965-976  ) 
The contaminated solution flow under pressure 
through an appropriate porous membrane (e. 
g. cellulose acetate and polyamide) and 
withdrawing the permeate product water at a 
lower atmospheric pressure. 
Small space 
requirement, 
low pressure, 
high separation 
selectivity 
High operational cost 
due to membrane 
fouling 
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Walsh (2001, p. 1819-1820), briefly reviewed the applications of 
electrochemical technology in environmental treatment, materials recycling, 
and clean synthesis. The author reported that electrochemistry can play many 
roles in clean technology and pollution control as shown below: 
a) the avoidance of polluting reagents in materials synthesis, such as zinc 
powder for organic reductions, by the use of direct electron transfer, 
b) the monitoring of pollutant and reagent levels in process streams, rinse 
sections, effluents, and gaseous emissions, 
c) the treatment of water by electrochemically generated species, such as 
chlorination of swimming pools and sterilization of medical instruments using 
a powerful cocktail of oxidizing reagents in “superoxidized” water, 
d) the removal of environmental contaminants, such as metal ions and 
organics from industrial process streams, and 
e) the clean conversion of chemical to electrochemical energy using fuel cell 
and photovoltaic devices. 
Walsh (2001, p. 1820), as well, reported that electrochemical technology 
possess advantages and suffers from some limitations. 
Advantages: 
• Electrons are clean reagents (at least at their source of supply). 
• Effective control of the electron transfer rate (current density). 
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• Measurement of reaction conditions (current density and electrode 
potential). 
• The process can be turned on and off via the current. 
• Can often use benign (e.g., ambient) conditions of temperature and 
pressure. 
Possible Limitations: 
• Many research workers have little industrial/large-scale experience of 
electrochemical technology, hindering technology transfer. 
• Some industrial sectors have limited knowledge or experience of 
electrochemical technology. 
• There are relatively few “showcases” for the technology. 
• There is a shortage of experienced electrochemical engineers. 
• Chemical reactions, corrosion, adsorption, etc., at electrode surfaces can 
cause complications. 
• Damage to electrodes and membranes via, e.g., corrosion and fouling, can 
restrict performance and longevity. 
1.4 Aim and objectives 
As can be seen from Table 1.2, the wastewater generated from electroplating 
wastewater, electronic waste and MSW fly ash typically contains copper and 
zinc ions. From the brief description for the different techniques for metal 
removal given above, it is clear that the cathodic electro-deposition technique 
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is a promising and efficient method to remove/recover metals from 
wastewaters laden with heavy metals. The main aim of this thesis is to 
investigate removal of copper and zinc from aqueous solutions that simulate 
industrial wastewater containing these two elements by employing an 
electrolytic reactor, provided with a 3-dimensional packed-bed cathode of 
carbon particles, operated in a continuous recirculation mode of flow. 
The above aim will be accomplished by fulfilling the following research 
objectives: 
• To investigate, make clear and infer the effects of some operating 
parameters on the process of copper removal and its current efficiency 
for a simulated monometallic solution. These operating factors are: 
initial pH value of the treated solution, electrolysis time, flow rate and 
intensity of applied current. It is worth mentioning that the effect of 
temperature will not be studied as an independent operating variable, 
since the temperature of the solution that is being processed may 
change with changing the intensity of applied electric current which is a 
side effect. 
 To compare the removals of copper and zinc from a simulated binary-
metallic waste solution under galvanostatic mode of operation. And, to 
disclose the effects of Cu to Zn mass ratio and intensity of the applied 
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current on the removal percent of both metals, generation of hydrogen, 
as a byproduct of a side reaction, and current efficiency of removal. 
 1.5 Thesis outline 
Chapter 2 is a critical review of the literature relating to electrochemical 
removal of heavy metals. Different designs of electrolytic cells are 
reviewed. The chapter summarizes, as well, previous researches about the 
factors, such as pHo, type and rate of flow, intensity of applied current and 
initial concentration of metals present that affect the removal process and 
its current efficiency. 
In chapter 3 descriptions of the experimental apparatus, the materials 
used, and measuring instruments are given.    
The experimental results of copper removal from monometallic solution 
are presented and discussed in Chapter 4. 
The experimental results of simultaneous removal of copper and zinc from 
bimetallic solution are presented and discussed in Chapter 5. 
Chapter 6 includes a study on the kinetics of electrochemical removal of 
copper and zinc. 
In chapter 7 overall conclusions drawn from this research work and 
recommendations for future work are presented. 
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CHAPTER Two 
 
LITERATURE REVIEW 
 
In this chapter, a comprehensive review of the some electrochemical 
fundamentals and the literatures relating to electrochemical removal of heavy 
metals from various polluted wastewaters using different cell designs is given. 
2.1 Electrochemical fundamental concepts 
Electrochemical processes are of heterogeneous nature, in which several 
chemical reactions take place at the interfaces of the electrodes and the 
electrolyte. 
2.1.1 Electrode reactions 
Reactions that take place in electrochemical reactors include (Walsh and 
Reade, 1994, P. 9-12): 
1- Cathodic reactions 
a- Cathodic deposition of metal from an electrolyte; 
Mz+ (aq)   +  ze-     →   M (s)                           (2.1) 
e.g  Cu2+ (aq)   +  2e-   →   Cu (s)                            (2.2) 
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In the electrochemical removal of heavy metals from wastewaters, reaction 
(2.1) is the desired reaction. 
b- The desired reaction may be accompanied by unwanted secondary 
reactions, resulting in loss of current efficiency. Typical examples include: 
- Hydrogen evolution:  
pH <7           2H+   +  2e-  →   H2↑                                                 (2.3) 
pH > 7          2H2O  +  2e-  →  H2↑  + 2OH- (aq)                       (2.4) 
- Reduction of dissolved oxygen: 
pH < 7        O2 (aq)  +  4H+  +  4e-→   2H2O                                                         (2.5) 
pH > 7       O2(aq) +2H2O  +   4e-→  4OH- (aq)                                                   (2.6) 
Reactions (2.5) and (2.6) become more important at very low metal-ion 
concentrations levels (< 10 mg/L) as the solubility of molecular oxygen is 
typically 8 mg/L in aqueous solutions at 25oC. 
Reactions (2.3) to (2.6) result in an increase in pH, which will be most marked 
near the cathode surface.  This local increase in OH-concentration may be 
sufficient to co-deposit metal hydroxides or oxides. 
2- Anodic reactions 
a- Oxygen evolution: 
pH< 7      2H2O  -   4e
-→ O2↑ +  4H+ (aq)                                                            (2.7) 
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pH > 7     4OH- (aq) - 4e-  →   O2↑  +    2H2O                                                     (2.8) 
b- Dissolution of anode metal: 
MA(s) - ze
-    → (aq)                                                                                       (2.9) 
c- Dissolution of interest metal via contact of the deposited metal with anode: 
M(s) -   ze-  →   M+ (aq)                                                                                       (2.10) 
d- Toxic chlorine evolution in chloride liquors: 
2 Cl
-
  (aq)  -   2e
-→  Cl2↑                                                                                  (2.11) 
2.1.2 Reduction Potentials 
Elements and ions differ in the ease with which they are reduced or oxidized. 
The standard reduction potential is the likelihood that a species will be 
reduced. It is written in the form of a reduction half-cell reaction. Reduction 
half- cell reactions for several ions and elements are listed in tables in 
elementary electrochemistry text books. After each equation is a number 
called the standard reduction potential (symbol, Eo), which compares the 
tendency for the listed reaction to occur with the tendency of aqueous 
hydrogen ion to be reduced; which has been arbitrarily assigned a value of 0.0 
volts:  
2 H+ + 2e- → H2;   Eo = 0.0 V                                                                      (2.12) 
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A substance whose reduction potential is less than that of hydrogen ion (has a 
negative value) is reduced less easily than is hydrogen ion. A substance whose 
reduction potential is positive (is greater than that of a hydrogen ion) is more 
easily reduced than is hydrogen. 
2.1.3 Spontaneity of Redox Reactions 
A spontaneous reaction has a negative free energy change (∆G). The standard 
free energy change (∆G˚) is: 
∆G˚= –nF                                                                              (2.13) 
Where all species at standard state, which is with solutes at an effective 
concentration of 1 mol/L, and gases at a pressure of 1 atm at 25 °C, and   
n=number of moles of e- transferred, and 
F = the Faraday constant (96485 C/mole e-)  
For spontaneous reactions  must be positive; i. e. the sum of the 
potentials of the half-reactions is positive.  A spontaneous process is capable 
of proceeding in a given direction, as written or described and releases free 
energy; i. e. no needs to be driven by an outside source of energy. 
The free energy change of a cell reaction can be modified by temperature and 
composition changes according to the well-known Nernst equation  
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∆G = ∆G°+ RT ln QT                                                                           (2.14) 
Where 
QT = the reaction quotient, 
R = the universal gas constant: R = 8.314 J K−1 mol−1 and 
T = the absolute temperature. 
On the other hand, for an endergonic (also called a nonspontaneous) reaction 
or process the standard change in free energy is positive, and energy is 
absorbed; i. e. ∆G˚ > 0. 
2.2 Electrochemical cells 
The oxidation-reduction reactions that took place in electrochemical reactors 
discussed in 2.1.1 take place in a single container and that electrons are 
transferred directly from the substance oxidized to the substance reduced. 
Although a redox reaction may take place in this manner, it is also possible to 
transfer the electrons through a wire or electrical circuit. Such an arrangement 
is called an electrochemical cell. 
2.2.1 Types of electrochemical cells 
Electrochemical cells are of two basic types: 
a- Galvanic (or voltaic) Cell: 
Electrochemical cell, as the one shown in Figure (2.1), that utilizes 
spontaneous redox reactions to produce a flow of electrons is called either a 
galvanic cell or a voltaic cell; i.e. electrical energy producer.  
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It is known from fundamentals that oxidation potentials are opposite in sign to 
the reduction potentials. Zn has a greater tendency to be oxidized than Cu; 
since the oxidation potential for Zn is + 0.76 V and that for Cu is – 0.34 V. For 
the cell depicted in Figure (2.1), the anode is zinc and the cathode is copper, 
and the anions in the solutions are sulfates. When the two electrodes are 
connected to an electric load (such as a light bulb or voltmeter) the circuit is 
completed and a stream of electrons passes from anode to cathode producing 
an electric current. The redox reaction occurring is: 
Zn(s) + Cu2+(aq)  → Zn2+(aq)  + Cu (s)                                         (2.15) 
As of this reaction result the zinc electrode is dissolved and copper is 
deposited on the copper electrode. 
 
 
Figure (2.1) - Galvanic cell diagram 
 
b- Electrolytic Cell: 
In an electrolytic Cell, as the one shown in Figure (2.2), an electric current 
(from external power source) drives a nonspontaneous reaction; i.e. the 
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reverse reaction represented by equation (2.15). The zinc sheet is the cathode 
whereas the copper sheet is the anode. In this cell electrical energy is 
consumed as previously written in 2.1.3. Basically, the two cells are opposites 
of one another.  
 
 
Figure (2.2) - Electrolyrtic cell diagram 
 
2.2.2 Terminologies of importance to electrochemical cells 
Few terminologies are important for electrochemical process engineers; they 
are: 
a- Current density 
The most frequently referred terminology besides potential and intensity of 
applied current is the current density; the current per area of electrode. It is 
directly related to the rate of a process. 
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b- Current efficiency 
Current efficiency, C. E., or faradaic efficiency indicates the effectiveness, from 
energy utilization point of view, in producing a target product or removing 
polluting species from wastewaters. In a system where multiple reactions 
occur at the same potential, the measured current is not all consumed by the 
reaction of interest. The charge that is consumed by unwanted side reactions 
is therefore a source of inefficiency. Current efficiency indicates both the 
specificity of a process and also the performance of the electro-catalysis 
involving surface reaction as well as mass transfer. The process may be 
attained, but the worsening in the current efficiency makes the process 
economically unviable. The percent current efficiency, (C. E. %), is then given 
as 
C. E. % =  * 100                                                                                       (2.16) 
Where 
 = the theoretical quantity of electricity needed to perform the required 
process, and 
 = the actual amount of electricity consumed to affect the same process. 
C- Space-time (τST) and space-velocity (S) 
The space-time τst is defined by: 
τST = VR / Q                                                                                                               (2.17) 
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Where 
VR= the effective volume of electrolyte in the reactor, and 
Q = volumetric flow rate of the electrolyte. 
If VR is the effective volume of electrolyte in the reactor, then τST is equivalent 
mean residence time of electrolyte in the reactor. 
Whereas, the space-velocity, S, is defined as the ratio of volumetric flow rate 
to reactor volume. 
S = Q/VR                                                                                                                                                                                   (2.18) 
From equations (16) and (17) 
S =                                                                                                          (2.19) 
d- The space–time yield 
The space–time yield of a reactor is defined as the mass of product 
produced by the reactor volume in unit time. It gives an overall index of a 
reactor performance, especially the influence of the specific electrode area 
(Chen, 2004, P. 12). 
e- Electroactive area 
Since electrochemical reactions take place on the interfaces between 
electrodes and the electrolyte, the overall rate of any electrochemical 
process at a fixed current density is directly proportional to the electro-
active area. Therefore, the electrolytic removal/recovery of metal ions 
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from dilute solutions requires the use of electrodes of high surface area 
(Chu et al., 1974, p.323). 
2.2.3 Parameters affecting the performance of Electrolytic cells 
The main parameters affecting the performance of electrochemical system are 
best given by (Pletcher 1982, p. 62-64); they are summarized in what follows: 
a- The electrode potential 
The electrode potential determines the nature of electron transfer reactions 
occurring in an electrochemical cell. It also determines the intensity of applied 
current or current density. The potential or current density is, in many cases, a 
major factor controlling the current efficiency, the space-time yield and the 
product quality. 
b- Electrode material and structure 
The ideal electrode material for most processes should be totally stable in the 
electrolysis medium and permit the desired reaction with a high current 
efficiency at lower potential. In a few processes, the anodic reaction is the 
dissolution of a metal (e.g. plating or refining) and this reaction occurs with 
the same current efficiency as the cathodic deposition so as to maintain the 
electrolyte composition constant; again, the overpotential should be as low as 
possible. 
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c- The concentration of electroactive species 
The concentration of the electroactive species is the major parameter that 
determines the maximum feasible current density and, hence, the optimum 
space-time yield. The current is normally proportional to concentration and, 
therefore, the concentration of electroactive species will also be as high as 
possible in most systems, being limited only by cost or solubility. 
d- Electrolysis medium 
The properties of the electrolysis medium are determined by the choice of 
solvent, electrolytes and pH, and perhaps also by complexing agents, additives 
and reagents present to react with intermediates produced in the electrode 
reaction. The concentration of each constituent is also important. Water with 
a high concentration of electrolyte is certainly the medium of choice for an 
industrial electrolytic process, with molten salts a second best if their use is 
essential to the process. 
e- Pressure and temperature 
Electrolysis at elevated or reduced pressures is generally avoided because of 
the complexity of cell design. The large-scale examples of electrochemistry, 
much above atmospheric pressure, are mainly limited to special water 
electrolyzers and battery systems Pletcher (1982, p. 62-64). However, if 
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volatile solvents are utilized, an increased pressure may be desirable to 
minimize solvent loss, with its attendant cost, health and safety problems. 
For a design of electrochemical system, temperature is an important 
parameter. Temperatures above ambient are usually employed because of 
their beneficial effects on the kinetics of an electrochemical process. The 
diffusion coefficient, the exchange current density and the rates of chemical 
reactions generally increase with an increase in the temperature. The resulting 
decrease in the viscosity and increase in the diffusion coefficient serve to 
enhance mass transport rates. In any case, the passage of current through 
most cells leads to Joule heating and extensive cooling may be necessary to 
maintain the cell at room temperature. Again, in the case of volatile solvents, 
or thermally unstable reactants/products, forced cooling of the electrolyte 
may be essential. 
High-temperature and high-pressure electrolysis is mostly used for hydrogen 
production via electrolysis of water (Todd et al., 2014, p. 424). 
f- Mass transport regimes 
The mass transport regimes used in industrial processes range from natural 
convection and diffusion in unstirred electrolytes to highly turbulent 
conditions produced by rapid stirring, or pumping or using turbulence 
promoters such as a bed of particles.  
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A high liquid flow rate is commonly used because it increases mass transport 
and, ultimately increases the current density at any potential, and finally leads 
to a greater uniformity of concentration in the reaction layer adjacent to the 
electrode surface. 
g- Cell design 
The design of the cell affects all the figures of merit for an electrolytic process. 
It should be noted here that the principal factors determining the electrolysis 
performance are presence or absence of a separator and its type, and the 
mass transport regime. The arrangement and form of the electrodes (the 
anode-cathode gap and potential distribution at both electrodes) and the 
materials of construction also affect the electrolytic process. 
2.2.4 Overpotential in electrolytic cells 
Overpotential is specific to each cell design and will vary between cells, and 
operational conditions even for the same reaction. It can be grouped into 
three categories: activation, concentration, and resistance (Short and Bishop, 
1965, p. 962-967); i. e. overvoltage, ƞ, is the sum of these categories. 
ƞ = ƞact + ƞcon + ƞres                                                                                   (2.20) 
- Activation overpotential (ƞact) 
Activation overpotential is due to the kinetics of the electrochemical reaction, 
which is linked to the activation energy of the reaction.  
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Slow kinetics is due to a large activation energy barrier. To overcome slow 
kinetics either an increase in temperature could be used or an increase in the 
applied voltage across the electrodes could be used to achieve any 
appreciable current flow. 
- Concentration overpotential (ƞcon) 
Concentration overpotential spans a variety of phenomena but all involve the 
depletion of charge-carriers at the electrode surface. Bubble overpotential is a 
specific form of concentration overpotential in which the concentration of 
charge-carriers is depleted by the physical formation of a bubble. Also, 
polarization overpotential, another form of concentration overpotential, is the 
potential difference caused by differences in concentration of the charge-
carriers between bulk solution and on the electrode surface. It occurs when 
electrochemical reaction is sufficiently rapid to lower the surface 
concentration of the charge-carriers below that of bulk solution. The rate of 
reaction is then dependent on the ability of the charge-carriers to reach the 
electrode surface. 
- Resistance overpotential (ƞres) 
Resistance overpotential is all the overpotentials tied to a cell design. This is 
due to the resistance of the electrolyte between the two electrodes. However, 
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when considering the entire cell as a whole, resistances are also encountered 
from the electrodes themselves, wiring, and external loads.  
All these resistances can be lumped together into an overall cell resistance, 
and represented through Ohm’s Law for the cell; i. e. 
ƞres= IR                                                                                                                     (2.21) 
The voltage, to be applied to a cell, is also influenced by different parameters 
such as temperature, flow rate, electrode material, and electrolyte 
composition. It is difficult to predict the required cell voltage analytically 
(Pletcher and Walsh, 1990, p. 78). 
2.2.5 Mass transport in electrochemical cell 
Generally, there are three modes of mass transport in electrochemical 
systems, diffusion, migration and convection (Pletcher and Walsh, 1990, p. 18-
19). 
- Diffusion 
Diffusion is the movement of species down a concentration gradient and it 
occurs whenever there is a chemical change at a surface. An electrode 
reaction converts starting material to product and, hence, close to the 
electrode surface, there is a boundary layer (up to 10-2 cm thick) in which the 
concentrations of the starting material is lower at surface than in the bulk 
while the opposite is the case for the product. Hence, the starting material will 
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diffuse toward and product away from the electrode. This type of diffusion is 
usually known as molecular diffusion. 
- Migration 
Migration is the movement of charged species due to a potential gradient and  
it is the mechanism by which charge passes through the electrolyte; the 
current of electrons through external circuit must be balanced by the passage 
of ions through the solution between the electrodes (both cations to the 
cathode and anions to the anode). The forces leading to migration are purely 
electrostatic and hence, do not discriminate between types of ions. . As a 
result, if the electrolysis is carried out with a large excess of an inert 
electrolyte (e.g. supporting electrolyte) in the solution , this carries most of 
the charge, and little of the electroactive species (starting material) is 
transported by migration (i.e. the transport number of electroactive species is 
low. 
- Convection 
Convection is of two types, natural and forced. Natural convection arises from 
small differences in density caused by the chemical change at the electrode 
surface. Forced convection is defined as the movement of a species due to a 
mechanical force.  In practice, convection is usually induced by stirring or by 
agitating the electrolyte solution or by flowing it through the cell. Sometimes 
the electrode is moved. 
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For dilute solutions, mass transfer becomes the dominant factor. 
In order to obtain any appreciable rate of reaction so that process is viable, a 
means of increasing the transport of electroactive species towards the 
electrode surface is required. 
 
2.2.6 The role of the supporting electrolyte in electrolytic cell 
Problems with the electrochemical treatment of some wastewaters from the 
plating industry, for instance, are the low concentration of the electroactive 
species and the conductivity due to a lack of supporting electrolyte and a high 
pH (Njau et al. 2000, p. 187). The use of cell designs with high surface area 
electrodes or enhanced mass transfer may improve the process. The current 
needed for the removal of metal ions is low and, because the energy 
consumption is not critical, low current efficiencies may be acceptable. A 
major drawback of a three-dimensional electrode in a poor conducting 
solution is the excessive ohmic potential drop in the solution, so that the 
electrode reaction penetrates the electrode matrix poorly. This condition 
becomes more critical for solutions with a very little supporting electrolyte. 
Operation with a three-dimensional electrode requires the careful selection of 
the electrolytic conditions (Njau et al. 2000, p. 187). Typically, a supporting 
electrolyte, such as an acid or a base, or occasionally a conducting salt, is 
added to the electrolytic solution to provide high ionic conductivity. 
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The supporting electrolyte dose not participates in the electrode reactions, 
but is, intentionally, required to reduce the resistivity within the electrolyte.  
The higher resistivity that otherwise occurs being the cause of the non-
uniformity in the current density. Even the addition of a small amount of a 
supporting electrolyte will typically increase the electrolyte conductivity quite 
significantly (ChemEd DL, 2015, p. 361).  
Salt (NaCl) is usually employed to increase the conductivity of the water or 
wastewater to be treated. Besides its ionic contribution in carrying the electric 
charge, it was found that chloride ions could significantly reduce the adverse 
effect of other anions such as HCO3-, SO42- . The existence of the carbonate or 
sulfate ions would lead to the precipitation of Ca2+ or Mg2+ ions that forms an 
insulating layer on the surface of the electrodes. This insulating layer would 
sharply increase the potential between electrodes and result in a significant 
decrease in the current efficiency. The addition of NaCl would also lead to the 
decrease in power consumption because of the increase in conductivity. 
Moreover, the electrochemically generated chlorine was found to be effective 
in water disinfections (Chen, 2004, P. 18). 
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Sodium sulphate and sodium chloride are sometimes used as supporting 
electrolytes for the electrochemical removal of copper ions from some 
wastewaters.  The usage of sodium chloride increased the percent removal of 
copper as well as the current efficiency (Khattab et al., 2014, p. 88). 
 
2.3   Electrochemical reactors for metal recovery 
Industrially, the electrochemical recovery of metals would be carried out using 
electrochemical reactors. These reactors have the advantages that: additional 
chemicals are not required, the metals can be recovered in their metallic form, 
electrolytic processes generally have low operating costs, and the processes 
tend to operate at low temperature and pressure(Buckle 2007, p. 18). 
2.3.1 General rules in cell design 
Cells used for different industrial applications of electrochemistry look quite 
different, ranging from the rectangular open tanks common in electroplating 
to the complex designs used in metal-ion removal from wastewaters. Despite 
this diversity, there are some general rules in cell design: these would include 
the following (Pletcher 1982, p. 78):- 
1- Simplicity:  
The cell design should aim to meet the process requirements in simplest way 
which lowers the costs and make it attractive to users. 
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2- Integration:  
The cell must integrate directly into the overall process. 
3- Reaction engineering parameters:  
- There should be uniform potential and current distributions over the 
electrode surface to get a correct rate and selectivity of production.  
- The electroactive area per unit reactor volume may need to be high if 
the available current density is low and a compact design is required. 
4- The anode-cathode gap should be small. 
5- All materials of construction must be compatible with the electrolyte and 
electrolysis products. 
2.3.2 Examples of cell designs 
- Tank Reactors 
 Tank reactors are of simple design, commonly consisting of vertical electrodes 
suspended in a rectangular tank containing the electrolyte. The mass 
transport characteristics of the reactor can be improved by agitating the 
electrolyte (Pletcher 1982, p. 79). The agitation is commonly via gas sparging 
or pumping the electrolyte through the cell. Tank reactors are often used for 
electroplating. For metal recovery, tank reactors would only be used if the 
metal concentration in the solution was high. For example, Campbell et al. 
(1994) recovered nickel from a solution of 20 g/l down to 3 g/l (20,000 - 
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3,000ppm) using a tank cell. They found that the current efficiency of the 
deposition decreased rapidly below concentrations of 7g/l. Advantages and 
disadvantages of this type of reactor are shown in Table (2.1). 
Table (2.1)  
Advantages and disadvantages of tank reactor 
 
- Plate and frame cell 
Plate and frame cell or parallel plate reactors, shown in Figure (2.3), consist of 
many closely spaced electrodes, alternating cathode and anode. They are 
often constructed as a filter press, where the electrodes, frames (which form 
the flow channels) and membranes are sealed into a module; these modules 
are then stacked together to form the reactor, known as a plate-and-frame 
reactor (Chen, 2004, P. 13). Some advantages and disadvantages of parallel 
plate reactors are shown in Table (2.2). 
 
 
Figure (2.3) - Plate and frame cell 
Advantages Disadvantages 
- Simple construction - low capital costs. 
- Easy to remove the electrodes to recover    
   metal. 
- Easy to scale up/down.   
- Poorly controlled fluid flow and thus   
   mass transport. 
-  Limited space-time yield.  
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Table (2.2)  
Advantages and disadvantages of Plate and frame cell  
Advantages Disadvantages 
- Simple construction. 
- Easy to scale up, as extra cells can be   
   added onto the stack. 
- Good potential distribution and mixing   
   conditions (Chen, 2004, P. 13). 
 
- Low space-time yield and low energy   
   efficiency (Chen, 2004, P. 13). 
- Small inter-electrode gaps are difficult   
   to maintain for large area electrodes. 
-Difficult to extract solid products from   
   plate and frame configurations. 
 
- Rotating Electrode Reactor  
In this type of reactor the electrode rotates in order to enhance the mass 
transfer of the metal ions from the bulk solution to the electrode (Gabe. and 
Walsh, 1983, p. p. 3–21). A schematic of the reactor is shown in Figure (2.4). 
The most common type is the rotating cylinder electrode reactor. The cylinder 
can be either horizontal as in the case of metal foil production, or vertical as 
for metal ion removal. In the majority of cases metal removal is affected by 
removing the electrode and manual scraping, although blades to continuously 
scrape powder or foil from the cathode are in use. It was found that this 
system can reduce copper content from 50 to 1.6ppm by using the systems in 
a cascade version (Walsh et al., 1982, p. 299). The advantages and 
disadvantages of the cell are shown in Table (2.3). 
 
 
 
 
32 
 
Table (2.3)  
Advantages and disadvantages of Rotating Electrode Reactor 
Advantages Disadvantages 
- High rates of mass transport. 
- Control of shear forces can be used to  
  obtain different sizes of metal powder/flake. 
- Complex design as rotating seals and  
   contacts are required. 
 
 
 
 
 
 
 
 
 
 
Figure (2.4) - Rotating Electrode Reactor 
- Pump cell 
The pump cell is another variant of rotating cathode cell, Figure (2.5). By 
having a static anode and a rotating disk cathode, the narrow spacing between 
the electrodes allows the entrance of the efﬂuent. The metals were 
electrically won and scraped as powders (Pletcher 1982, p. 82 & Jüttner et al., 
2000, p. 2577-2578). The advantages and disadvantages of the cell are shown 
in Table (2.4). 
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Figure (2.5) - Pump cell 
 
Table (2.4)  
Advantages and disadvantages of Rotating Electrode Reactor 
Advantages Disadvantages 
- Permits higher Reynolds number in the  
   thin gaps between the electrodes. 
- Ability to remove solid products contin- 
  uously from the reactor (with minimum  
  residence time for the products. 
- Complex design as rotating seals and  
  contacts are required. 
- High maintenance cost. 
 
- Swiss roll cell 
An efficient way of ﬁtting a large planar electrode area in a small volume is the 
design of the Swiss roll cell, Figure (2.6). In this cell, thin metal foils separated 
by an electrolyte permeable plastic mesh are wrapped around a central core. 
The electrolyte ﬂows axially through the electrode pack. When the cell is ﬁlled 
with deposited metal, it is regenerated by treatment with acid similar to 
common ion exchange resins (Jüttner et al., 2000, p. 2580). 
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Figure (2.6) - Swiss roll cell 
 
 
 
Table (2.5)  
Advantages and disadvantages of Swiss roll cell 
Advantages Disadvantages 
- Large space–time yields are realized and  
   mass transport conditions are favorable  
   since the separator functions as a  
   turbulence promoter. 
- The capacity of the cell can be further  
   increased by using perforated electrodes,  
   thus achieving high cathode area. 
 
- Complex design. 
- High maintenance cost. 
 
- Three-dimensional cathode reactors 
Since the metal deposition happens at the surface of the cathode, it is 
necessary to increase its speciﬁc surface area in order to improve the space–
time yield (Chen, 2004, P. 13). This can be achieved by using three-
dimensional cathode configurations. There are many types of materials that 
have been used as electrodes: woven fabrics and felts, meshes, packed beds, 
Cathode 
Anode 
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and expanded metal or carbon foams. These electrodes can be incorporated 
into many of the reactors previously described. 
A- Fixed-bed electrode cells 
A fixed bed electrode is three-dimensional porous one. The cell is used in: 
closed water recycling systems, electroplating industry, mining, mineral 
processing and metallurgical industries, and removal/recovery of heavy from 
industrial wastewaters (Khattab et al., 2014, p. 88). Advantages and 
disadvantages of fixed bed electrode cells are shown in Table (2.6). 
Table (2.6)  
Advantages and disadvantages of Fixed-bed electrode cells 
Advantages Disadvantages 
- Offer particularly high values of  
  electroactive area per unite reactor  
  volume. 
- Porous electrode can act as a turbulence  
  promoter, resulting in moderate   
  masstransfer rates. 
- The ability to remove metal ions from  
   aqueous solutions to very low levels. 
- Non-uniform potential distribution  
  within the electrode matrix, if present,  
  will lead to low current efficiency. 
- Potential and current distributions may  
  also be affected in time and space by gas  
  evolution. 
- The performance of porous, 3-D  
  electrodes is often difficult to predict. 
 
B- Fluidized-bed electrode cell 
When the upward electrolyte flow through an unrestrained particulate bed is    
sufficiently high, fluidization of the electrode particles may occur, the     
electrode-electrolyte combination behaving like a single fluid. Fluidized bed 
electrode was applied in: electrochemical synthesis, treatment of diluted or 
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complex solutions, fuel cell development, hydrogen peroxide synthesis, and 
ore flotation in extraction metallurgy and removal of heavy metals from 
industrial wastewaters. 
Khattab et al. (2014) experimentally investigated the performances of fixed- 
and fluidized-bed cathodes for removing copper from simulated copper 
sulphate solution. Their findings indicated that the fixed-bed cell gave better 
metal removal and higher current efficiency than those of fluidized-bed one 
when operated at similar operating conditions. 
 
 
Table (2.7)  
Advantages and disadvantages of Fluidized-bed electrode cells 
Advantages Disadvantages 
-Very large surface area to volume  
  ratio so for any given cell, the current  
  density at the cathode surface is very  
  low. 
- High mass transport rate which  
  combines high conversion and space   
  time yield.  
 
 
In practice, control of the fluidization can be  
a problem due to (Pletcher and Walsh,(1990, 
p. 130):- 
- Non-uniform reactor geometry, 
- Particle agglomeration, 
- Unwanted metal-deposition on the feeder  
   electrode, and 
-The potential distribution can be complex,  
  being time-dependent and affected by the  
  shape and dimensions of the bed,  
  positioning of the feeder and counter  
  electrode(s), the degree of bed expansion,  
  electrolyte composition and gas evolution. 
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2.3.3 Important factors in reactor performance 
Walsh (2001, p. 1823) reported that there are many compromises during the 
process of reactor design/selection in order to accommodate the large 
number of factors acting as drivers:  
a) Uniform current density distribution. 
b) Uniform electrode potential distribution.  
c) High mass transport rates. 
d) Ability to handle solid, liquid, or gaseous products.  
e) The form of the product and the ease of product extraction.  
f) Simplicity of design, installation, and maintenance.  
g) Availability of electrode and membrane materials.  
h) Capital and running costs.  
i) Integration with other process needs. 
 
2.4 Pervious works on the electrochemical removal of copper and 
zinc ions from liquor solutions 
 
2.4.1 Removal of copper 
Bennion and Newman (1972) studied the electrochemical removal and 
recovery of copper ions from very dilute solutions by using porous, fixed, flow-
through, carbon electrodes.  
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The ion removal takes place in the porous cathode made of finely divided 
graphite chips. They reported that: 
- The longer the contact time, the greater will be the removal of copper. 
- They claimed that, a feed solution of 667µg/ml of copper was reduced to less 
than 1µg/ml. 
In this work, nothing was mentioned about the current efficiency of the 
removal process. 
Germain and Goodridge (1976) studied the copper deposition in a fluidized-
bed cell. The cell, made of Perspex, had a rectangular shape. The fluidized-
bed cathode was made of solid copper particles, 500µm in diameter. The 
electrolyte had nominal composition of 2000 ppm of copper and 1M 
sulphuric acid. They reported that a current efficiency of 95% was obtained at 
a current density of 2500Am-2. They did not, however, give the percent 
removal of copper. 
Campbell et al. (1994) studied the removal of copper and nickel ions in a 
graphite packed-bed cell. This study indicated that, under the experimental 
conditions of their work, current efficiency increased with increasing current 
density to a certain maximum and decreased thereafter, the current density 
corresponding to this maximum is higher as the average diameter of graphite 
particles is smaller .  
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Also, this work revealed that the removal of copper ions increased with 
increasing current density as long as the current density was less 200 A/m2 
and no further increase in copper removal was observed as the current 
density was increased beyond 200 A/m2. 
Sarfarazi and Ghoroghchian (1994) studied the removal of copper ions from 
dilute solutions using a rectangular packed-bed electrode made of particulate 
carbon operated in a flow-by mode. They examined the effects of bed 
conditions and flow rate on the deposition rate. For all experiments the 
diameter of carbon particles was 0.22 cm. The electrolyte composition was 
copper sulfate in the range (6.4 - 184 ppm Cu2+), 0.8 M Na2SO4 and 1 x 10-3 M 
H2SO4.  
The initial pH value of all processed solutions was kept at the value of (1.3) 
and the researchers did not report any changes of pH with the progress of 
electrolysis. The authors concluded that greater efficiencies for deposition of 
copper on previously used beds could be attained than when the deposition 
was performed using a freshly prepared bed under identical operating 
conditions. They explained these results in view of enhanced mass-transfer 
rate on the previously used surface compared to the freshly prepared beds. In 
addition, the hydrogen over potential on copper nuclei is much higher than 
that on carbon particles so that the efficiency of deposition process is 
expected to increase if hydrogen evolution is suppressed.  
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Moreover, they studied the effect of flow rate on the rate of deposition of 
copper they concluded that the increase in solution flow rate shifted the half-
wave potential of copper to more negative values due to the increased ohmic 
loss in solution and competitive reactions were enhanced.  
Pak et al. (2001) designed and operated an electrochemical reactor to treat 
the solution containing copper ions. Design parameters for the 
electrochemical reactor using the porous cathode and RuO2/IrO2/Ti anode 
were investigated. The porous cathode was prepared by the electro-less nickel 
deposition on polyurethane. The treated synthetic wastewater contains 0.01 
M CuSO4 and 0.51 M H2SO4 (pHo ≈ 0.6). 
The apparent current, the gap between cathode and anode, and hydraulic 
retention time were selected as design parameters. The copper removal rate 
increased with an increase in apparent current; while it was not affected by 
the gap between the cathode and the anode. A reduction in hydraulic 
retention time stimulated the mass transfer toward the electrode and 
increased the cathodic current efficiency. The authors did not report any 
change of pH with time of electrolysis.  
Khattab et al. (2004) studied the electrochemical removal of copper from 
dilute solutions using a fluidized bed cell in direct flow-through mode. The 
column was made of Perspex of 4.5 cm inside diameter using graphite 
particles as a bed material. 
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They investigated the effects of some operating parameters, viz. superficial 
current density, flow rate and pH on the performance of a fluidized cell. The 
electrolyte was copper sulphate solution containing 200 mg/L copper ions and 
0.75 M sodium sulphate. They stated that maximum removal efficiency and 
current efficiency obtained at superficial current density in the range of 20 – 
50 mA/cm2 and bed expansion less than 20%. More over higher flow rates 
lead to lower removal efficiency due to the decrease in contact time between 
bed particles and electrolyte; as electrolysis was done in single flow mode. The 
authors, as well, reported that the maximum removal efficiency of copper was 
attained at an initial pH value of 2.5. Nothing was mentioned about the 
changes of pH and temperature during the progress of electrolysis. 
Yaqub et al. (2009) investigated the electrolytic removal of copper and lead, 
from their corresponding monometallic solutions, at various ultrasonic 
frequencies. They concluded that the optimum pH range was 3 to 3.5 in the 
presence of ultrasound enhancement where the initial concentrations of 
copper and lead used were 25 and 32 mg/L, respectively. They did not give 
any attention to the change in pH during the progress of electrolysis or current 
efficiency. The authors, as well, followed the temperature change of treated 
solution with time of electrolysis; they reported that solution temperature 
increased with time and with ultrasonic frequency.  
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The temperature was increased by about 20 oC after 4 hours at an ultrasonic 
frequency of 100 kHz. 
No doubt that rate of flow of electrolyte has an effect on the electrolytic 
removal of copper. This effect depends on the mode of operation, i.e. single-
pass or multiple-pass. For single-pass mode (Yaqub et al., 2009; Solisio, et al., 
1999 and Nava et al., 2009) the removal was reported to decrease with 
increasing flow rate as long as the bed height was held constant; this means 
that less residence or retention time. For multiple-pass, keeping constant bed 
height (Basha et al., 2013), the removal increased with increasing flow rate; 
which is interpreted by increasing the residence time. For current efficiency, 
some authors Pak et al. (2001 p. 63) reported that the current efficiency 
decreased with an increase in hydraulic retention time. 
 
2.4.2 Simultaneous removal of copper and zinc 
Walsh (2001, p. 1826) reported that a mixed metal solution, 10 ppm of Cu(II), 
Cd(II), and Zn(II) ions has been studied in nitrogen-purged 0.1 M NaCl at pH 7 
and 295 K. The presented results about the decay of metal ion concentration 
revealed that: 
- Over the first 60 min, a potential of –0.5 V vs. SCE was applied to the cathode    
to selectively remove copper ions (although some cadmium ions are 
removed). 
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- For the next 60 min, the potential was maintained at –1.0 V vs. SCE.  
   Cadmium ion removal was achieved with some zinc ion removal.  
- Finally, the last 60 minutes of the experiment involved a potential of 1.4 V vs.  
   SCE to remove the remaining zinc ions.  
The final metal ion levels were <0.1 ppm Cu(II), <0.05 ppm Cd(II), and <0.5 
ppm Zn(II). Under the experimental conditions, the removal of metal ions 
takes place through both direct electrodeposition and the deposition+ of 
metal hydroxides via a near cathode increase in pH. 
Bertazzoli et al. (1997) studied the removal of copper, lead and zinc from 
wastewater using a three dimensional, reticulated vitreous carbon cathode. 
The electrolytic cell was operated by applying potential values that allowed 
the metals reduction reaction to occur under mass transport control.  
These potentials values were determined by hydrodynamic voltammetry on a 
vitreous carbon rotating disc electrode. The system consisted of an 
electrochemical cell of two 4.0 dm3 PVC reservoirs for catholyte and anolyte, 
two recirculation pumps and of sets of flow meters. The flow rate ranged from 
1000 to 10000 ml/min. The cell was divided into a cathodic compartment and 
two interlinked anodic compartments, separated by Nylon 417 membrane. 
The cathodic compartment consisted of a rectangular Nylon frame in which a 
block of reticulated vitreous carbon (RVC) was fixed.  
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A saturated calomel reference electrode within a Teflon Luggin capillary 
entered the catholyte compartment through a hole drilled in the upper side of 
the RVC cathode. The electrolyte composition of copper solution was around 
50 mg/L, 0.1M Na2SO4 and 0.5M boric acid with a final pH of 4. They 
investigated the effect of flow rate and the cathode porosity on the rate of 
removal of metals. Attention was not paid to the changes of pH or 
temperature of treated solution. The concentrations of the metal ion 
containing solution was reduced from about 50 to 0.1 mg/L during 
recirculation times ranging from 20 to 40 minute. They concluded that best 
rates of metal removal were obtained at the higher cathode porosities and 
higher flow rates. 
Kaminari et al. (2010) studied the recovery of copper ions from acidified 
aqueous solutions using fluidized bed reactor.  
They examined different process parameters as metallic ion concentration, 
current density and bed porosity. The electrochemical reactor made from 
acrylic cylinder with internal diameter of 4.44 cm and 20 cm length. The bed 
composed by carbon steel particles with 1mm diameter and 20 mm bed 
height. The electrical contact with the fluidized-bed was obtained through a 
steel feeder electrode (cathode). A centrifugal pump was used to circulate the 
solution.  
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The electrolyte composition had a metal concentration either 500 or 750 
mg/L. The electrolyte had also 0.4 M H2SO4, 0.5 M H3BO3, 0.04 M NaNO3 and 
0.02M H2S04. The authors concluded that highest current efficiencies were 
obtained for lead and copper ion recovery from diluted solutions 75.8% and 
89.9%, respectively. They neither considered the change of pH nor 
temperature with time of electrolysis. 
Basha et al. (2008) studied the removal of As, Cd, Cu and Zn at different initial 
pH values in order to evaluate the performance of the continuous 
recirculation ﬂow cell at low current density and pH. Their results indicated 
that the value of starting pH of the treated solution had different effects on 
the removal of these metals. For instance, their presented data reveals that 
the removal of copper decreased with increasing starting pH value; while 
opposite behavior was characteristic for the removal of zinc.  It is important to 
mention that, they did not follow how the pH and temperature changed 
during electrolysis.  
Basha et al. (2011) investigated the performance of electrochemical filter-
press cells, operated in a batch recirculation mode, for the removal of Cd, Cu, 
Ni, Pb, Zn and Fe from copper smelting effluent. They used graphite particle 
packed cathode and noble oxide coated Ti anode.  The effect of flow rates (26, 
35, 46, 53 and 61 mL min−1) and current density (1, 2 and 3 A dm−2) on 
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percentage removal of heavy metals and energy consumptions were studied. 
The presented data indicate that the removal of all metals reached 60 to 80 % 
after 60 minutes by using current density of 2 and 3 A dm−2 and flow rate of 61 
mL min−1. This may imply that Zn, less noble than Cu, was reduced at the same 
time with more noble metals. Also, the authors reported that the initial pH of 
the electrolyte was 0.64; they did not mention how it changed during 
electrolysis. Nothing was reported about temperature of the electrolyte. 
Doulakas et al. (2000) studied the selective electrodeposition of Cu, Pb, Cd and 
Zn by changing the parameters pH and overpotential, using a pinch-scale 
batch reactor. The treated solutions were acidiﬁed with HCl to either pH 1.5 or 
3.5 so as to avoid precipitation of hydroxides. They reported that the four 
metals could be selectively separated; copper ions were reduced first whereas 
zinc ions were reduced last accompanied with hydrogen evolution. The 
authors did not report how the temperature and the pH changed during the 
progress of electrolysis. 
2.4.3 Hydrogen evolution 
Hydrogen evolution at the cathode is one of the unwanted secondary 
reactions that result in loss of current efficiency in electrolysis; as written in 
2.1.1. This evolution is directly related to the intensity of applied electric 
current in such a way that it is larger or smaller than the limiting current. 
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Limiting current is the intensity of the current when the electrolysis is under 
complete mass transport control. The value of the limiting current is obtained 
by constructing a graph of current intensity (or current density) versus 
overpotential, known as a polarization curve or voltamogram; Figure (2.7). 
Three different regions are shown in figure (Khan 2005, p. 14-15): 
- Region (I)  
In this region, the process is both under mass transfer and charge transfer 
control. In the case of dilute solutions, for the removal of heavy metal ions, 
the process would occur in this region since the limiting current would not 
reached. 
- Region (II)  
This region is the limiting current plateau. At the limiting current, the process 
is completely mass transfer controlled. 
- Region (III)  
At a current density greater than the current density under the limiting 
current condition, other reactions, such as hydrogen evolution, can 
significantly occur. 
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Figure (2.7) – A typical polarization curve (Khan, 2005, p. 15) 
In an electrolytic process, the value of the limiting current is affected by 
temperature and flow rate of the electrolyte, and also on the concentration of 
the metal to be removed. NikoliĆ et al. (2007; J. Serb. Chem. Soc.) reported 
that that increasing the temperature lead to an increase of the limiting 
diffusion current density, shift of both the beginning and the end of the 
plateau of the limiting diffusion current density towards lower 
electrodeposition overpotentials and increased the quantity of evolved 
hydrogen and decreased the time required for the solution to become 
supersaturated. In another manuscript, NikoliĆ et al. (2007; Sensors) reported 
that an increase of the concentration of Cu(II) ions in plating solutions lead to 
an increase of the limiting current,  decrease of the length of the plateau of 
the limiting diffusion region and decrease of the quantity of evolved hydrogen. 
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Also Takahiro et al. (2003) observed that the limiting current density doubled 
when the concentration of copper doubled, and thus, the bath concentration 
was linearly related to the limiting current density. Chu et al. (1974) carried 
out a study on the cathodic deposition of copper ions from flowing dilute 
aqueous solutions onto a packed bed of graphite particles. Their data showed 
that limiting current was increased with the increasing flow rate. 
As it was stated previously in 2.2.4, bubble overpotential is a specific form of 
concentration overpotential in which the concentration of charge-carriers is 
depleted by the physical formation of a bubble. Qian et al. (1998) stated that 
ohmic resistance in an electrolysis bath is related to the bubble coverage of all 
surfaces since gas bubble accumulation on each surface will reduce its 
conductivity. Hence, it causes a higher level of ohmic voltage drop. Forcing gas 
bubbles to detach from the electrodes surfaces and to leave the system will 
decrease the void fraction and higher efficiency levels will be achieved as a 
result (Mazloomi et al., 2012, p. 3324). To force the bubbles leave the cell 
environment Li et al. (2009) exposed their experimental electrolysis apparatus 
to an ultrasonic field.  Also, it was reported by Sarkar (2012) that the bubble 
detachment size decreased with increased flow rate. 
2.5 Types of electrodes used in the electrolysis 
One important factor governing the process of electrolysis is the types of 
electrodes used.  
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Generally, electrodes are of two types: 
- Inert electrodes which do not react with electrolyte or products during 
electrolysis; e.g. platinum and graphite. 
- Active electrodes which react with products of electrolysis, affecting the 
course of electrolysis; e.g. copper. 
The cathode of the electrochemical cells utilized for removing heavy metals 
can be made of a suitable single metal, alloy (e.g. stainless steel) and graphite. 
The anode, however, should be of the inert type (to avoid anodic dissolution), 
suitable capital cost and simple to fabricate. 316 stainless steel and graphite 
might be suitable materials to make anode. However, in concentrated chloride 
solutions chlorine gas is evolved at graphite anodes (Rabah et al., 1998, p. 
167). Dimensionally stable Titanium anodes are the state of art as anode for a 
wide range of electrochemical applications as they show excellent stability of 
titanium against surface and pitting corrosion; but they reduce remarkably the 
overpotential for anodic chlorine evolution (Chandler et al., 1997, p. 54). 
2.6 Summary 
This chapter deals with the review of the available scientific information in the 
open literatures - textbooks, websites and published researches - about the 
removal/recovery of heavy metals from solutions that contain them.  
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The following items were reviewed: 
- Definitions of fundamental concepts related to electrolysis. 
- The two basic types of electrochemical cells are galvanic cell and electrolytic 
cell. 
- Definitions of terminologies of importance to electrochemical cells. 
- Parameters affecting the performance of Electrolytic cells. 
- Overpotential in electrolytic cells; where the different forms causing 
overpotential, viz. activation overpotential, concentration overpotential and 
resistance overpotential, were briefly discussed. 
- The definitions of the three modes of mass transport in electrochemical 
systems, viz. diffusion, migration and convection. 
- The role of the supporting electrolyte in electrolytic cell. 
- Electrochemical reactors for metal recovery; where the general rules in cell 
design and some examples of cell designs. The advantages and disadvantages 
of the reviewed cells were reported. Important factors in reactor performance 
were reported as well. 
- Pervious works on the electrochemical removal of copper from monometallic 
solutions and the removal of copper and zinc ions from bimetallic solutions.  
Considering the last item, the researches that have been reviewed turn out 
that there are some knowledge gaps that must be considered.  
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These knowledge gaps are given in Tables 2.8 and 2.9 together with research 
contribution of this thesis in order to overcome these gaps. 
Table (2.8) 
Knowledge gap and current research contribution – removal of copper  
 
Knowledge Gap Current research contribution 
1 Researchers with various cell designs have attempted 
removal of copper from solutions [Chu et al. (1974), Yaqub 
et al. (2009),  Solisio, et al. (1999), Nava et al (2009),  
Basha et al. (2011) Basha et al. (2013) and  Kaminari et al.  
(2010)]. None of them used sodium chloride as the 
supporting electrolyte. 
Sodium chloride will be used as the 
supporting electrolyte; since it is of law 
cost and has law environmental impact 
when the treated solution is disposed off. 
2 The effect of initial pH of treated electrolyte on removal of 
copper in most published researches has not received the 
attention that it deserves. Few investigators considered 
the effect of initial pH.  Yaqub et al. (2009) investigated the 
electrolytic removal of Cu and Pb at different pH 
conditions and reported that the optimum pH range was 3 
to 3.5 in the presence of ultrasound enhancement. Basha 
et al. (2008) used different initial pH values but they did 
not follow how the pH changed during electrolysis. 
The effect of initial pH value of the 
electrolyte on copper removal and 
current efficiency will be investigated. 
3 The rate of flow of electrolyte affects the electrolytic 
removal of copper. This effect depends on the mode of 
operation, i.e. single-pass or multiple-pass. For single-pass 
mode [Solisio et al., (1999) and Nava et al. (2009)], the 
removal was reported to decrease with increasing flow 
rate as long as the bed height was held constant. For 
multiple-pass, keeping constant bed height [Chu et al. 
(1974) & Basha et al., 2011)], the removal increased with 
increasing flow rate. For current efficiency, some authors 
Pak. et al. (2001). reported that the current efficiency 
decreased with an increase in hydraulic retention time. 
The effect of rate of flow of electrolyte on 
copper removal and current efficiency will 
explicitly be investigated. 
4 Almost all reviewed research workers used small current 
intensity which might not be suitable for practical 
applications. Also, they did not study the effect of 
temperature on removal efficiency except Chellammal et 
al. (2010). 
The effect of high intensity of applied 
current on copper removal and current 
efficiency will be studied. 
Temperature is to be followed during 
progress of electrolysis. 
5 None of the published research claimed the recovery of 
copper as metal.  
An auxiliary cathode was used to recover 
the copper electrodeposited on the bed. 
6 None of the published works discussed the effects of initial 
pH, initial concentration of copper, flow rate and current 
intensity on the apparent rate constant of copper removal. 
A kinetic analysis is to be done. 
7 All of the previous research works were done at constant 
applied current intensity during a run. 
Decrease of current intensity during 
electrolysis will be done in order to 
improve current efficiency and hence 
decreasing energy consumption.  
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Table (2.9) 
Knowledge gap and current research contribution – removal of copper and zinc 
 
Knowledge Gap Current research contribution 
1 Walsh (2001) studied the selective removal of Cu(II), Cd(II), 
and Zn(II) from a mixed metal solution using  reticulated 
vitreous carbon , flow-by, cathode operated in a batch 
recycle mode. He reported that by controlling the applied 
potential Cu could be firstly removed followed by Cd and 
Zn was removed last. 
Basha et al. (2011) attempted the removal of Cd, Cu, Ni, 
Pb, Zn and Fe by electrochemical reduction with the help 
of electrolytic 3-dimensional cell using graphite particle 
packed cathode and noble oxide coated Ti anode. Their 
presented data indicate that the removal of all metals 
reached 60 to 80 % after 60 minutes by using current 
density of 2 and 3 A dm−2  and flow rate of 61 mL 
min−1.This may imply that Zn, less noble than Cu, was 
reduced at the same time with Cu which is more noble.  
Doulakas et al. (2000) studied the selective 
electrodeposition of Cu, Pb, Cd and Zn under 
potentiostatic conditions a pinch-scale batch reactor. 
The removal of Cu and Zn from a binary-
metallic solution under galvanostatic 
mode of operation will be investigated; 
since cells operating under galvanostatic 
conditions have lower capital costs than 
the cells operating under potentiostatic 
mode of operation. 
2 The effects of Cu to Zn weight ratio and intensity of the 
applied current on the removal percent of both metals, 
generation of hydrogen, as a byproduct of a side reaction, 
and current efficiency of removal were not explicitly 
investigated previously. 
The effects of Cu to Zn weight ratio and 
intensity of the applied current on the 
removal percent of both metals, 
generation of hydrogen and current 
efficiency of removal are to be 
investigated. 
3 The effect of the presence of one metal on the kinetics or 
removal of the other was not studied. 
A kinetic study will be carried out. 
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CHAPTER THREE 
 
EXPERIMENTAL WORK 
 
This chapter describes the construction of the experiment setup and the 
experimental procedure that was followed to achieve the desired aim. 
3.1 Materials 
3.1.1 Chemicals 
All the chemicals used were of analytical reagent grade and were purchased 
from the El-Gomhouria Co. For Trading Chemicals And Medical Appliances; 
Cairo-Egypt. These chemicals are listed in Table (3.1). Copper and zinc sulfates 
were used for preparation of the simulated solution to be treated. 
Hydrochloric acid and Sodium hydroxide were used to adjust the initial 
solution pH. Distilled water was used throughout the experimental studies.  
Table (3.1)  
List of chemicals used 
 
Chemical Formula 
Copper sulfate pentahydrate (s) Cu S04.5H20 
Zinc sulfate heptahydrate(s) ZnS04.7H20 
Hydrochloric acid (30% by mass) HCl 
Sodium chloride (s) NaCl 
Sodium hydroxide (s) NaOH 
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3.1.2 Bed material 
 
The packed bed material was prepared by crushing, grinding and sieving 
carbon pieces of high purity; its X-ray diffraction (XRD) chart is shown in Figure 
(3.1), and technical specifications are given in Table (3.2). The chart illustrates 
the presence of single strong peak.  The sieved fractions of 1 – 4 mm diameter 
particles were collected; the average particle size was 2.5 mm as shown in 
Figure (3.2). The particles were washed with nitric acid and distilled water and 
after drying were kept in a tight container. 
 
Figure (3.1) – Copy of XRD chart of bed material 
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Table (3.2)  
The technical specifications of the graphite 
Property Value 
Specific gravity, kg/m3 1920 
Carbon content, mass % 99.8 
Total pore volume, cm3/g                                           0.183 
Electrical resistivity, ohm mm3/m                                95 
 
 
 
 
3.2 Experimental Set-up 
Figure (3.3) is a schematic representation of the experimental set-up; a photo 
is also show in Figure (3.4). The cylindrical column was made from acrylic, to 
enable better visualization of the process. The inside diameter and the height 
were 10 cm and 70 cm, respectively. A height of 70 cm was enough to give a 
sufficient disengagement height to allow for any entrained carbon particles to 
separate from the treated solution leaving the column in order to keep the 
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Figure (3.2) - Particle size distribution of  bed  material 
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mass of the bed unchanged. The column is separated by a flow distributor into 
upper and lower parts. The distributor, perforated acrylic plate, had holes of 
1mm diameter arranged in equilateral triangular configuration of 5 mm pitch. 
The upper surface of the distributor was covered with a porous polyethylene 
membrane to enhance better flow distribution. 
The counter electrode, had a disc shape of 5 cm diameter, was fixed in the 
lower part of the column while the working electrode (carbon bed) was in the 
upper part. The current feeder to the packed bed was cup-shaped opened 
from lower side and the upper side was a perforated disc that had holes of 1 
cm diameter arranged in equilateral triangular configuration of 1.5 cm pitch; 
this was to facilitate the upward flow of the treated solution and to permit the 
escape of generated gases on the bed surface. The cup was supplied with 6 
additional legs, of 5 cm length and 1 cm width, to give good contact with the 
particulate bed. Both current feeder and counter electrode were made of 316 
Stainless Steel. The vertical distance between the two electrodes was 5 cm. 
The packed bed had an initial dry height of 6 cm. 
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Figure (3.3) - Schematic representation of the experimental set-up 
(1) Column; (2) Power supply; (3) Counter electrode; (4) Working electrode; (5) Carbon bed; 
(6) Reservoir; (7) Sampling valve; (8) Flow regulating valve;  (9) Centrifugal pump; (10) Flow 
regulating valve. 
 
 
 
 
Figure (3.4) - Photo of the experimental set-up 
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3.3 Preparation of Simulated Wastewater 
The experiments were carried out using two simulated solutions; i.e.: 
3.3.1 Copper monometallic solution 
The copper sulfate solution (6 L) had an initial nominal concentration of 
copper ions of 500 ppm (mg/L) and a definite concentration of 0.5 M (NaCl) as 
supporting electrolyte. The initial pH of the electrolyte was normally about 2.5 
(unless changed to other values) and adjusted by using either dilute HCl or 
NaOH pellets. 
3.3.2 Copper and zinc bimetallic solutions 
Binary mixture solutions were prepared by dissolving the required amounts of 
copper and zinc sulfates in 6 L of distilled water. The solutions had different 
mass ratios of copper and zinc ions, but a total nominal initial concentration of 
500 ppm (mg/L) was always kept. The mass ratios of copper to zinc were: 0, 
20, 40, 60, and 80%. Sodium chloride, as supporting electrolyte, was added to 
this solution. The concentration of NaCl was fixed at 0.5 M. The initial pH of 
the electrolyte was kept almost constant at a nominal value of 2.65 (adjusted 
by using either dilute HCl or NaOH pellets). 
3.4 Electrochemical Treatment 
Prior to any experimental run the apparatus was cleaned. The bed was 
regenerated by reversing the polarity of the cathode (i.e. became anode) and 
inserting a piece of carbon (7 x 8 x 1 cm3) which worked as detachable cathode 
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and then circulating a solution of 2% (by mass) sulphuric acid at low current, 
between the electrodes. This was done to remove any deposited metal during 
the removal process. The bed was, then, rinsed with distilled water. The end 
of rinse was detected by measuring the pH of rinsing water. 
The simulated wastewater was placed into the storage vessel and the pump 
was turned on. The apparatus operated galvanostatically in batch recirculation 
mode. Experiments were carried out at room temperature (26oC ± 2) from 
daily measurements).  The simulated wastewater was allowed to flow through 
the apparatus for at least 5 minutes to ensure homogeneity and then the first 
sample was taken. The regulating valves were adjusted to maintain a desired 
liquid flow rate.  The power supply was, then, turned on and its buttons were 
adjusted to supply the required intensity of the electric current.  Electrolysis 
continued for at least 75 minutes. Samples withdrawn every 15 minutes; their 
temperature and pH were immediately measured. Then, they were filtered 
through Whatman membrane filter of pore size 0.45 µm and the 
concentrations of the remained metal/metals were measured. 
3.5 pH Measurement 
The pH of the sample was measured using a pH meter (model HI 8417 made 
by HANNA Instruments, with a resolution of 0.01). The pH meter was 
calibrated on daily basis by using buffers of pH 4 and pH 7. 
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3.6 Measurement of metal ion concentration 
Atomic absorption spectroscopy (AAS) is a spectroanalytical procedure for the 
quantitative determination of chemical elements using the absorption of 
optical radiation (light) by free atoms in the gaseous state. Concentrations of 
the remained Cu and Zn in the samples were measured by an atomic 
absorption spectrophotometer (Perkin Elmer 2280). 
3.7 Summary 
This chapter describes the experimental setup details and procedures that 
have been followed to achieve the desired goal. Where the details of the 
experimental set up is described. The working electrode was a packed bed 
made carbon particles that had average particle size of 2.5 mm.  Electrons 
were fed from the power supply to the bed via electron feeder made of 316 
Stainless Steel. The counter electrode was a disc made of 316 Stainless Steel.  
The experiments were carried out using two simulated solutions: 
-  Copper monometallic solution that contained initial nominal concentration 
of copper ions of 500 ppm (mg/L). 
- Copper and zinc bimetallic solutions that had different mass ratios of copper 
and zinc ions, but a total nominal initial concentration of 500 ppm  was always 
kept. The mass ratios of copper to zinc were: 0, 20, 40, 60, and 80%. 
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The concentration of the supporting electrolyte (NaCl) was fixed at 0.5 M. The 
initial pH of the electrolyte was kept almost constant at a nominal value of 
2.65 (adjusted by using either dilute HCl or NaOH pellets). 
The adopted electrochemical treatment processes for removing metals and 
recovery of copper were described. 
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CHAPTER FOUR 
 
REMOVAL OF COPPER 
 
4.1. Introduction 
Copper is a valuable metal and an essential element used by man; it is unique 
in its use as electrical conductor. The price of copper is getting higher, and the 
production cost is increasing. Waste streams from some industrial processes 
such as copper electroplating industries and textile industries are 
contaminated with copper to the level of 500 ppm (mg/L) or more. Substantial 
savings of copper can be obtained by recovering copper from waste streams. 
Researchers with various cell designs have attempted removal of copper from 
solutions with varying degrees of achievements and improvements [Chu et al. 
(1974), Yaqub et al. (2009), Solisio et al. (1999), Nava et al. (2009), Basha et al. 
(2011) , Kaminari et al. (2010), Basha et al. (2013), Farooq et al. (2002), 
Issabayeva et al. (2006), Chang et al. (2009) and Chellammal, et al. (2010)]. All 
of these researches were conducted either by maintaining the electrical 
potential or current intensity constant during an experimental run, but sodium 
chloride - as supporting electrolyte - was not used in none of them. 
Unfortunately, in the referenced research articles, the impact of the initial pH 
of the treated solution on the removal efficiency of copper was not 
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investigated, despite its significant role. Few investigators considered the 
effect of initial pH. Chin (2002) reported that during electrolysis the pH 
decreased from an initial value of 6-7 to a final value around 3. Issabayeva et 
al. (2006), used two initial values of pH (3 and 5), observed that the initial pH 
value affected both the removal and current efficiencies during 
electrodeposition of copper and they reported that the pH significantly 
increased for a short time and decreased thereafter to around a value of 3. 
Basha et al. (2008) studied the electrodeposition of copper at different initial 
pH values but they did not follow how the pH changed during electrolysis. 
Yaqub et al. (2009) investigated the electrolytic removal of Cu and Pb at 
different pH conditions and reported that the optimum pH range was 3 to 3.5 
in the presence of ultrasound enhancement. 
No doubt that rate of flow of electrolyte has an effect on the electrolytic 
removal of copper. This effect depends on the mode of operation, i.e. single-
pass or multiple-pass. For single-pass mode [Solisio et al. (1999) , Nava et al. 
(2009) and Ruotolo and Gubulin (2002)],the removal was reported to decrease 
with increasing flow rate as long as the bed height was held constant; this 
means that less residence or retention time. For multiple-pass, keeping 
constant bed height [Chu et al, (1974), Basha et al. (2013) and Basha  et al. 
(2011)], the removal increased with increasing flow rate; which is interpreted 
by increasing the residence time. For current efficiency, some authors (Pak et 
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al., (2001), p. 63) reported that the current efficiency decreased with an 
increase in hydraulic retention time. 
The work herein investigated the cathodic reduction of copper ions on a fixed 
bed of carbon particles in a continuous-recirculation flow reactor at high 
applied electric current. The effects of initial pH value, electrolysis time, flow 
rate, initial concentration and intensity of applied electric current on copper 
electrodeposition and current efficiency were carefully investigated. 
4.2 Experimental 
The details of the experimental set-up are given in chapter three and a 
schematic representation of it is shown figure (3.3). The experimental 
methodology is also given in the same chapter.  The percent removal of 
copper and the current efficiency of removal were calculated from equations 
(4.1) and (4.2). 
Removal % =                 (4.1) 
Current efficiency % =                         (4.2) 
Where F is the Faraday’s constant (= 96485 Coulomb/ mol), z is electrons 
transferred per ion (= 2 for Cu (II), Co and Ct are concentrations of copper (g/L) 
in electrolyte at times 0 and t (s), V (L) is the volume of circulating electrolyte, I 
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(A) is the intensity of the applied electric current and t (s) is the time of 
electrolysis. 
It is important to mention that a reported copper concentration is the 
arithmetic average of three measurements rounded to the nearest whole 
number.  Also, any reported current intensity was calculated from the 
following equation and rounded to the nearest tenth. 
𝐼 =  
∆𝑡×(𝐼1  + 𝐼2   + …+ 𝐼𝑛  ) 
𝑡
                (4.3) 
Where 
∆t = 3 minutes. 
𝐼𝑛  is the actual current intensity (A) observed during the time interval ∆tn. 
t = total time of electrolysis, minutes. 
 
4.3 Results and discussion 
4.3.1 Effect of initial pH 
Electrolytic removal of Cu was studied at different initial pH (pHo) values when 
the   initial concentration of copper ions was almost held constant. Figures 
(4.1) and (4.2) show the kinetic results of copper electrodeposition (i.e. 
removal) at a rate of flow of 0.02 L/s and 0.0466 L/s and at applied currents of 
5 A and 4 A, respectively. The removal was larger at higher pHo. From figure 
(4.1) the removal was 74% after 75 minutes of electrolysis at pHo = 2.56 while 
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it was 32% at pHo = 1.05. In Figure (4.2) the removal, after 75 minutes of 
electrolysis, was 76.4% at pHo = 2.56 while it was 58.3% at pHo = 1.8. This 
indicated that the discharge of hydrogen ions was a strong competitor to the 
discharge of copper ions at the cathode surface when the acidity was high.  
It might be observed that the removal reached 74% with an applied current of 
5 A while it was 76.4% when the applied current was 4 A. This was a result of 
changing rate of flow as will be shown later in this manuscript. 
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Figure (4.1) Effect of initial pH on removal of copper.
(1): pHo = 2.56, Applied current = 5.1 A & Co = 450 mg/L
(2): pHo = 1.60, Applied current = 5.1 A & Co = 456 mg/L
(3): pHo = 1.05, Applied current = 5 A & Co = 453 mg/L
F. R. = 0.02 L/s
R
e
m
o
va
l %
(3)
(1)
(2)
68 
 
 
The discharge of H+ ions decreased the current efficiency of the process as 
shown in Figure (4.3). The current efficiencies were, after 75 minutes of 
electrolysis, 27% at pHo= 2.56, 14.6 % at pHo= 1.6 and 11.7% at pHo= 1.05. This 
is attributed to the consumption of a substantial part of electricity by side 
reactions. Of course starting at higher pHo than 2.56 may give better 
electrochemical removal with larger current efficiency. This is possible with 
substantial caution, as copper may precipitate as hydroxide if the pH of 
solution is larger than the pH needed for precipitation to occur, as indicated 
by theoretical solubility of copper hydroxide diagram (Ayres, 1994, p. 6). For 
instance if the copper concentration of the electrolyte is 100 mg/L and the pH 
is 6, copper hydroxide will precipitate as hydroxide. 
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Figure (4.2) Effect of initial pH on removal of copper
Line (1): pHo = 2.56 & Applied current = 4 A & Co = 467 mg/L 
Line (2): pHo = 1.80 & Applied current = 4 A & Co = 458 mg/L 
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Certainly the following two reactions take place during electrodeposition of 
copper at pH < 7: 
2H2O   -   4e
- →    O2   +   4H+            (at the anode)                               (4.4) 
2H+   +   2e- →   H2                        (at the cathode)                     (4.5) 
Reaction (4.4) decreases the pH at the anode region whereas reaction (4.5) 
increases pH nearby the cathode, therefore if the starting pH was high, there 
will be a possibility of copper to precipitate as hydroxide and the removal is 
chemical not electrochemical. There is no doubt that if the initial 
concentration of copper ions is low enough, higher pHo will be a good start for 
removing copper electrochemically. 
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Figure (4.3) Effect of initial pH on current efficiency l of copper removal
Line (1): pHo = 2.56, Applied current = 5.1 A & Co = 450 mg/L
Line (2): pHo = 1.6, Applied current = 5.1 A &Co = 456 mg/L 
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It was also observed that the anode, made of 316 Stainless Steel, was 
consumed during electrolysis at pHo ≤ 1.6; the corrosion increased with 
decreasing pHo. Therefore, an experiment was performed in which a carbon 
disc (inert electrode) was substituted for the Stainless Steel one. The 
conditions of the experiment and its results are shown in figure (4.4). There 
was no removal of copper, but chlorine gas was produced which was known by 
its pungent odor. This might be interpreted that the high concentration of 
chlorine ions (pHo = 1.03) led to their discharge at the anode, while hydrogen 
gas was still given off at the cathode. Deposited copper might be dissolved 
again in the presence of chlorine. This observation should be experimentally 
investigated in another study. 
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4.3.2 Effect of flow rate 
Experiments were conducted at different electrolyte flow rates, keeping other 
parameters constant. It can be ascertained from Figures (4.5) and (4.6) that 
the removal of copper increased with increasing flow rate; similar observation 
was reported in references [Chu et al. (1974) & Basha et al. (2013)]. 
Computation of current efficiency (or faradaic efficiency) indicates the 
effectiveness of copper removal from energy utilization point of view. Copper 
removal may be attained, but the worsening in the current efficiency makes 
the process economically unviable. Figures (4.7) and (4.8) show the increase of 
current efficiency with increasing rate of flow, at two values of the applied 
electric current. 
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Figure (4.7) Effect of electrolyte flow rate on current efficiency of copper removal 
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Figure (4.8) Effect of electrolyte flow rate on current efficiency of copper removal 
 
The increase of copper electrodeposition or removal as well as the current 
efficiency is attributed to two reasons. Firstly, the increase of limiting current 
with increasing flow rate [Chu et al. (1974) & Solisio et al. (1999)]. Chen et al. 
(2013)] reported that hydrogen evolution occurs if the cathode current density 
is greater than the limiting value for copper deposition. Consequently, if the 
difference between the applied current and the limiting current is narrowed, 
the discharge of hydrogen ions at the cathode well decrease leading to higher 
current efficiency. Secondly, oxygen and hydrogen are liberated at the anode 
and cathode due to the reactions (4.4) and (4.5), respectively. At low current 
densities these gases may dissolve in the electrolyte solution. However at 
higher current densities gas bubbles are generated on the surface of the anode 
and on the particles of the fixed bed. Figure (4.9) shows some bubbles 
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attached to the carbon particles at the surface of the fixed bed.  Since ohmic 
resistance in an electrolysis bath is related to the bubble coverage of anode 
and cathode surfaces, gas bubble accumulation on each surface will reduce its 
conductivity and causes a higher level of ohmic voltage drop (Mazloomi et al., 
2012, p. 3319). This increase in the applied potential, at small flow rate, was 
also observed in this work. As shown in Figure (4.10) the applied potential, to 
get constant applied electric current, decreases with increased rate of flow of 
circulation. This improvement is due to the ease of bubble detachment from 
the surfaces of electrodes with increasing rate of flow (Sakar, 2012, p. 48). 
 
 
 
Figure (4.9) Attachment of generated bubbles at the bed surface 
[Flow rate = 0.02 L/s, applied current = 4 A, Co = 467 mg/L and pHo = 2.55] 
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4.3.3 Effect of initial concentration 
Figure (4.11-a) indicates, from the first sight, that the percentage removal of 
copper from the solution decreased with increasing initial copper concentration;  
this, however, does not mean that the amount of removed copper, during the 
same time period, was also decreased. As can be seen from Figure (4.11-b), the 
amount of removed copper increased with increasing the initial concentration of 
the copper.  
From Figure (4.12) it is obvious that the current efficiency increased with the 
increasing initial concentration of Cu(II) ions at all times of electrolysis; similar 
observation were reported by Solisio et al. (1999). This is attributed to the 
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Figure (4.10) Effect of flow rate on the applied potential at a fixed value 
of applied current. 
[App. current = 4 A, pHo = 2.55,Time of electrolysis = 75 min.]
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increase of the limiting diffusion current with increasing initial bulk 
concentration of Cu(II) ions which was reported by NikoliĆ et al. (2007, J. Serb. 
Chem. Soc.) and Ishizaki et al. (2003). Also, NikoliĆ et al. (2007, Sensors) 
observed the decrease of the quantity of evolved hydrogen with the increasing 
concentration of Cu(II) ions which improved the electrodeposition process; i.e. 
more Cu2+ ions were discharged. On the other hand, Figure (4.12) indicates 
that current efficiency decreased with time of electrolysis. This decrease is 
obviously related to the decrease of bulk concentration of copper, with 
progress of electrolysis, which consequently decreases the limiting current 
while the applied current is maintained constant. The electrolysis of lean 
copper electrolytes results in increased hydrogen evolution which leads to 
smaller current efficiencies NikoliĆ et al. (2007, Sensors, p. 6). 
 
Figure (4.11-a) Effect of initial concentration on the percent removal of 
copper at 5 A, pHo = 2.56 & F. R. = 0.068 L/s 
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Figure (4.11-b) Effect of initial concentration on the mass of copper removed 
at 5 A, pHo = 2.56 & F. R. = 0.068 L/s 
 
 
 
4.3.4 Effect of applied electric current density 
The influences of current density on copper removal and current efficiency for 
various electrolysis times, keeping constant flow rate of 0.02 L/s and constant 
pHo of 2.56, are shown in Figures (4.13 – a & b) and (4.14), respectively. The 
copper removal increased with increasing applied current; this behavior was 
reported by other researchers (Basha et al., 2013, p. 556). However, the 
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Figure (4.12) Effect of initial concentration on the current 
efficiency of copper removal at 5 A, pHo = 2.56 & F. R. = 0.068 L/s
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opposite behavior was observed for current efficiency; where it decreased 
with increasing applied electric current at all times of electrolysis. This 
decrease in current efficiency is attributed to the enhancement of hydrogen 
discharge at the cathode surface by increasing the applied current as can be 
ascertained from Figure (4.15). This behavior was reported, as well, by 
Chellammal et al. Chellammal et al. (2010). 
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Figure (4.13 - a) - Effect of applied current on copper removal
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                        Figure (4.13 - b) - Effect of applied current on copper removal; F.R. ≈ 0.068 L/s 
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Previous results showed the necessity of using high-intensity of electrical 
current to get larger removal of copper at less time of electrolysis, but the 
current efficiency decreased with time as long as the intensity of the applied 
current was held constant. Small current efficiency means less utilization of 
electrical energy. Therefore, two experiments were performed at the same 
recirculation rate of flow, pHo and initial concentration. In the first one the 
applied current was fixed at 7 A, while in the second one the applied current 
was decreased from 7 A to 3 A; by manually decreasing 1A every 15 minutes. 
The obtained results are shown in tables (4.1) and (4.2). 
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Table (4.1) Removal of copper at fixed applied current 
 [Applied current = 7 A and Flow rate: 0.0675 = L/s] 
 
 
 
Table (4.2) Removal of copper at variable applied current 
 
 [Flow rate: 0.0675 = L/s] 
 
Time, 
min 
 
Applied 
potential, V 
pH 
(Temp.) 
Conc., 
mg/L 
Removal 
% 
Electricity, 
Coulomb 
 
Energy 
consumption, J 
0 0 
2.55  
(27.9 o C) 
455 0 0 0 
15 26 
3 
(31.5o C) 
295 35.1 6300 163800 
30 25 
4.28  
(36 o C) 
169 62.9 12600 321300 
45 24 
4.71 
(36.5 o C) 
67 85.3 18900 472500 
60 26 
5.28 
(37.5 o C) 
22 95.2 25200 636300 
75 27 
5.91 
(38 o C) 
19 95.8 31500 806400 
Time, 
min 
 
Applied 
Current, 
A 
Applied 
potentia
l, V 
pH 
(Temp.) 
Conc., 
mg/L 
Removal 
% 
Electricity, 
Coulomb 
Energy 
consumption, 
J 
0 0 0 
2.57 
(28 o C) 
453 0 0 0 
0 -15 7 26 
3 
(30 o C) 
290 36 6300 163800 
15 -30 6 22 
3.56 
(33 o C) 
160 64.7 11700 282600 
30 - 45 5 19 
4.35 
(34 o C) 
53 88.3 16200 368100 
45 - 60 4 17.5 
5.12 
(33.5 o C) 
20 95.6 19800 431100 
60 - 75 3 14.5 
5.2 
(33 o C) 
14 96.9 22500 470250 
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The tabulated data indicate that almost similar percentage removal of copper 
was attained; however a considerable saving of electrical energy was possible 
with the gradual decrease of the applied intensity of electric current. A saving 
of 41.6 % in electrical energy could be achieved. The specific electrical energy 
consumption, keeping constant applied current at 7A (8.92 A/dm2), pHo ~ 2.55 
and a flow rate of 0.0675 = L/s, is 85.62 kWh/kg Cu; whereas it was 49.366 
kWh/kg Cu when the applied current was gradually decreased. Basha et al. 
(2008), using a cylindrical flow reactor at 0.75 A/dm2, pHo = (0.64–0.88) and a 
flow rate of 20 L/h (0.0056 L/s), reported specific energy consumption of 
159.88 kWh/kg Cu. 
It is important to mention that the solution temperature increased with time 
of electrolysis. As was previously reported in 2.2.3 in chapter 2, temperatures 
above ambient have beneficial effects on the kinetics of an electrochemical 
process. The diffusion coefficient, the exchange current density and the rates 
of chemical reactions generally increase with an increase in the temperature. 
The resulting decrease in the viscosity and increase in the diffusion coefficient 
serve to enhance mass transport rates. However, in this work the temperature 
increase did not exceed 10 oC, after 75 minutes of electrolysis, when using the 
largest intensity of applied electric current which was 7 A. The temperature 
increase was less than that when less current intensity was used. This 
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temperature increase has insignificant effect on copper removal Chellammal 
et al. (2010). 
4.3.5 Recovery of copper 
As was stated in chapter three, section 3.4, prior to any experimental run the 
apparatus was cleaned. The bed was regenerated by reversing the polarity of the 
cathode (i.e. became anode) and inserting a piece of carbon (7 x 8 x 1 cm3) which 
worked as detachable cathode and then circulating a solution of 2% (by mass) 
sulphuric acid at low current intensity, between the electrodes. This was done to 
remove any deposited metal during the removal process. Figure (4.16) shows a 
photo of the recovered copper on the surface of detachable cathode. The copper 
was peeled from the surface of the detachable cathode and collected. Figure (4.17) 
shows some of the recovered copper. This recovered copper was analyzed by XRD. 
The XRD result, shown in figure (4.18), indicated the presence of 72.9 % (by weight) 
Cuprite (Cu2O) and 27.1 % Brochantite (a form of Cu2SO4). The formation Cuprite 
during removal of copper was also observed by other researchers (Ruotolo and 
Gubulin, 2002). 
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Figure (4.16) Recovery of removed copper 
 
 
 
 
Figure (4.17) Recovered copper 
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Figure (4.18) XRD chart of the recovered copper 
 
 
For more assurance about the results of the X-ray analysis, the sample was also 
analyzed using EDX. The results of the analysis are shown in Figure (4.19) and Table 
(4.3).  
Table (4.3) - EDX results of recovered copper 
Element Weight% Atomic% 
 
O  27.22 53.79 
 
S  20.27 19.99 
 
Cr  0.31 0.19 
 
Fe  0.74 0.42 
 
Cu  51.47 25.61 
 
Totals 100.00 
  
 
 
Count 
Cuprite 
Brochantite 
Brochantite: 27.1 % 
Cuprite: 72.9 % 
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Figure (4.19) EDX chart of the recovered copper 
 
These results indicate that copper, oxygen and sulpher are the major elements 
present in the sample while chromium and iron are minors. The presence of 
chromium and iron reveals that some anodic dissolution of stainless steel took 
place during recovery process.  
4.4 Summary 
The work presented in this chapter is about the cathodic reduction of copper 
ions on a fixed bed of carbon particles in a continuous-recirculation flow 
reactor at high applied electric current. The effects of initial pH value, 
electrolysis time, flow rate, initial concentration and applied current intensity 
on copper removal and current efficiency were carefully investigated. 
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The deposited copper was recovered by using a piece of carbon as detachable 
cathode and making the packed bed worked as anode. The recovered copper 
was analyzed by XRD.  
The experimental results showed that: 
- The increase in pHo (provided not lead to the deposition of copper 
hydroxide), initial concentration of copper and circulated rate of flow 
increased the removal of copper as well as led to improvement in current 
efficiency. However, increasing intensity of applied electric current increased 
the removal of copper and decreased current efficiency. 
- The type of anode, i.e. active or inert, affected copper removal process. 
Stainless Steel (316) anode was observed to corrode at pHo ≤ 1.6; the 
corrosion increased with decreasing pHo. On using carbon (inert) anode, at pHo 
= 1.03, no copper was removed from the treated solution; chlorine gas was 
evolved.  
- Reduction of intensity of applied electric current with time during the 
electrolysis process while maintaining other operating variables constant led 
to a significant reduction in the consumption of electrical energy used in the 
process of copper removal by electrodeposition; a reduction of 41.6 % could 
be achieved. 
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- The experimental set-up used in this work could successfully remove and 
recover copper, using detachable carbon cathode, from a simulated solution 
containing Cu2SO4. The recovered copper was powdery and when analyzed by 
XRD the result indicated the presence of 72.9 % (by weight) Cuprite (Cu2O) and 
27.1 % Brochantite (a form of Cu2SO4). 
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CHAPTER FIVE 
 
REMOVAL OF COPPER AND ZINC 
 
5.1 Introduction 
Referring to Table (1.2) in chapter 1, Cu and Zn exist in the waste streams of 
different industrial processes. During the search for references dealing with 
the subject the electrochemical removal of zinc from solutions containing only 
zinc or from solutions containing zinc with copper it was found that not many, 
but are closer to be a small number. Abbas et al. (2009) used an electrolytic 
cell with a porous cathode of amalgamated copper screen to remove zinc 
from synthetic aqueous streams. They reported that an exponential decay of 
zinc concentration with respect to time was observed and the removal was 
about 90% after 300 minutes when the initial concentration was 150 mg/L and 
flow rate of 3.2 L/h. Bertazzoli et al. (1997) used a three dimensional, 
reticulated vitreous carbon cathode, under mass transport controlling 
condition, for the removal of Cu, Pb and Zn from simulated solutions that 
contained a single metal of the three at a time; i. e. they did not study the 
metal removal when the three cations co-exist in one solution. Doulakas et al. 
(2000) studied the selective electrodeposition of Cu, Pb, Cd and Zn from a 
solution containing there ions. 
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They reported that the four metals could be selectively separated under 
potentiostatic conditions; copper ions were reduced first whereas zinc ions 
were reduced last accompanied with hydrogen evolution. Machado et al. 
(2010) proposed a hybrid process which combines electrodeposition, for Cu 
recovery, followed by a sequential alkaline precipitation for recovery of nickel 
and zinc from contaminated biomass used in the bioremediation of 
electroplating efﬂuents.  Basha et al. (2011) attempted the removal of Cd, Cu, 
Ni, Pb, Zn and Fe by electrochemical reduction with the help of electrolytic 3-
dimensional cell using graphite particle packed cathode and noble oxide 
coated Ti anode. Their presented data indicate that the removal of all metals 
reached 60 to 80 % after 60 minutes by using current density of 2 and 3 A 
dm−2 and flow rate of 61 mL min−1. This may imply that Zn, less noble than Cu, 
was reduced at the same time with Cu which is more noble. Walsh (2001) 
studied the selective removal of Cu(II), Cd(II), and Zn(II) from a mixed metal 
solution using  reticulated vitreous carbon , flow-by, cathode operated in a 
batch recycle mode. He reported that by controlling the applied potential Cu 
could be firstly removed followed by Cd and Zn was removed last. 
In this work, experiments were carried out to remove Cu and Zn present in a 
simulated binary-metallic waste solution using electrochemical batch 
recirculation cell under galvanostatic mode of operation. The effects of Cu to 
91 
 
Zn weight ratio and intensity of the applied current on the removal percent of 
both metals, generation of hydrogen, as a byproduct of a side reaction, and 
current efficiency of removal were investigated. 
5. 2 Experimental 
The details of the experimental set-up and experimental methodology are 
given in chapter three. Experiments were carried out galvanostatically at room 
temperature and electrolysis was conducted for 90 or 105 minutes. The 
concentration of supporting electrolyte (NaCl) was fixed at 0.5 M. The initial 
pH of the electrolyte was kept almost constant at a nominal value of 2.65  and 
the rate of flow of the treated solution was fixed at 0.065 L/s as these values 
gave good removal and current efficiency results when the removal of copper 
from monometallic solution was investigated using the same system. 
5. 3 Results and discussion 
5.3.1 Removal of copper and zinc 
5.3.1.1 Effect of Cu to Zn ratio 
Removal percentages of copper and zinc at any time were calculated using Eq. 
(4.1) in chapter 4. The results are presented in Figure (5.1) at different Cu to 
Zn mass ratios. The applied current intensity, initial pH and flow rate were 
kept constant at 3 A (i. e. corresponding to a superficial current density of 3.82 
A/dm2), 2.65 and 0.065 L/s, respectively. 
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Figure (5.1-a) illustrates that over the first 60 minutes, copper was selectively 
separated.  After 75 minutes the removal of Cu was about 85.4% while that of 
Zn was almost 8%.  After 105 minutes the removal of Cu and Zn were 98% and 
29.4%, respectively. Similar observation was reported by Walsh (2001, p. 
1826-1827); in spite he performed experiments using smaller initial 
concentrations of the two metals and lower applied potential than the values 
reported here.  According to Figures (5.1-b) and (5.1-c), copper was selectively 
separated during the first 30 minutes. It must be stated that during a sampling 
time interval of 15 minutes, the moment at which the removal of zinc exactly 
started was impossible to be determined. For instance, the removal of zinc 
might be started at a moment which was few minutes later than 30; for the 
ratio of 60 % Cu. For sampling, shorter time intervals will give more accurate 
results; this will lead, however, to increased concentration measurement 
costs. Figure (5.1- d) illustrates that the removal of Zn started at a time which 
is less than 30 minutes. 
 
                                                        Fig. (5.1-a) - 80 % Cu & 20 % Zn 
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Fig. (5.1-b). 60 % Cu & 40 % Zn 
 
Fig. (5.1-c) - 40 % Cu & 60 % Zn 
 
Fig. (5.1-d) -  20 % Cu & 80 % Zn 
Figure (5.1) - Percent removals of Cu and Zn vs. time of electrolysis. Applied 
current: 3A; Flow rate: 0.065 L/s; pHo: 2.65 
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In order to reveal the effect of the presence of Cu on Zn removal, an 
experiment was carried out on a monometallic Zn solution under the same 
experimental conditions of Figure (5.1); the results are shown in Figure (5.2). 
Zinc removal began from the first moment of applying electric current. The 
removal reached 17.2 % and 54.8 % after 30 and 105 minutes of electrolysis, 
respectively. 
  
                                Figure (5.2) - Percent removals of Zn vs. time of electrolysis. 
                                            Applied current: 3A; Flow rate: 0.065 L/s; pHo: 2.65 
 
Figure (5.3), constructed from the results presented in Figures (5.1  &  5.2), 
indicates clearly that mass of Zn removed increased and the moment at which 
removal started decreased with increasing the ratio of Zn to Cu. 
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Figure (5.3) - Effect of increasing Zn ratio on mass of Zn removed under the 
same experimental conditions of Figures (5.1 & 5.2) 
 
The presented results reveal that the increase of Zn ratio did not affect the 
removal of copper negatively; but the presence of Cu with Zn did. This 
observation might be explained if the standard reduction potential, Eo, of both 
metal ions is considered; although the actual values are dependent on the 
actual concentrations of the two metals. For Cu and Zn the oxidation reactions 
are  
Cu (s)  ⟶  Cu2+ (aq) + 2e−;     Eo= - 0.34 V  (vs. SHE)                                 (5.1) 
& 
Zn (s)  ⟶  Zn2+ (aq) + 2e−;        Eo= + 0.762 V  (vs. SHE)                           (5.2)
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ECu
o   is larger than EZn
o . It is well known, from fundamentals, that the larger the 
value of the standard reduction potentials, the easier it is for the element to 
be reduced. Moreover, if Zn+2 were reduced, the following reaction could take 
place especially when the concentration of Cu2+, [Cu2+], is larger than [Zn2+]; 
Zn (s) + Cu2+ (aq)  ⟶  Zn2+ (aq) + Cu (s);   Eo= 1.102 V                            (5.3) 
The potential of this reaction is positive, and the standard free energy, (𝛥Go = -
zF𝛥Eo; where z is the number of moles electrons involved in the reaction and F 
is the Faraday’s constant), is negative. The negative value of 𝛥Go indicates that 
this process is thermodynamically possible. The reaction (5.3), however, might 
be reversed when [Zn2+] <<< [Cu2+] as can be predicted from the well-known 
Nernst equation. 
5.3.1.2 Effect of applied current intensity 
 The influence of the applied current intensity on Cu and Zn removal for 
various electrolysis times, keeping constant flow rate of 0.065 L/s and 
constant pHo (=2.65), is shown in Figure (5.4) for two Cu to Zn mass ratios and 
two current intensities. The removal of Cu increased with increasing the 
intensity of applied current; this behavior was previously reported [Khattab et 
al. (2013, part I) & Khattab et al. (2013, part II)]. For Zn, Figure (5.5) indicates 
the enhancement of the metal removal with increasing applied current 
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intensity. Moreover, Figure (5.4) shows that the removal of zinc could reach to 
values exceeding 93% when almost all copper had been removed. 
 
                                          Fig. (5.4 -a) - 40 % Zn & 60 % Cu.  Applied Current: 5 A  
 
                     
 
                                     Fig. ((5.4 -b) - 40 % Zn & 60 % Cu. Applied Currentl: 7 A 
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                                Fig. (5.4 - c) - 60 % Zn & 40 % Cu. Applied Currentl: 5 A  
 
 
 
                                     Fig. (5.4 -d) - 60 % Zn & 40 % Cu. Applied Current: 7 A  
 
Figure (5.4) - Effect of applied current intensity on removal of copper 
and zinc 
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            Fig.(5.5 -a) - 40 % Zn 
 
 
 
 
            Fig. (5.5-b) -  60% Zn 
Figure (5.5) - Effect of applied current intensity on removal of zinc 
 
It is worth mentioning that the moment at which the separation of zinc 
started was directly affected by the ratio of copper to zinc as well as the 
intensity of the applied electric current. Therefore, it can be said that, the 
choice of the intensity of the electric current to be applied depends on the 
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target of the removal process.  If the primary goal is just to remove heavy 
metals, the intensity of electric current which enables the removal of all 
metals at an appropriate time should be used. But if the primary goal is to 
selectively remove and recover heavy metals, it is necessary to use the 
appropriate intensity of the electric current to remove the copper first then 
the separation of zinc is done at a later stage. 
5.3.2 Current efficiency 
5.3.2.1 Theoretical 
Computation of current efficiency or faradaic efficiency indicates the 
effectiveness, from energy utilization point of view, of removing, 
electrochemically, polluting species from wastewaters. Removal of heavy 
metals may be attained, but the worsening in the current efficiency makes the 
process economically unviable. To calculate the cathodic current efficiency, all 
the cathodic reactions must be considered. For the reduction of more than 
one metal, the following equation can be written for the metal Mi: 
Mi
Zi+  (aq)    +   Zi e
- →   Mi  (s)                       (5.4) 
Where  
i takes values from 1 to N. 
Zi: is the number of moles of electrons participating in the reaction. 
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For the evolution of a gas at the cathode surface, e. g. hydrogen, the equation 
is 
H+ (aq)   +   e--      →     
1
2
 H2↑ (g)                                                           (5.5) 
If ni moles of positive ions were reduced, the theoretical quantity of needed 
electricity is 
Qth= 𝐹 ∗ ∑ 𝑛𝑖𝑧𝑖
𝑁
𝑖=1                                                                        (5.6) 
Where 𝑭 is the Faraday’s constant; 96485 coulomb/mol. 
The actual amount of electricity consumed to affect a reduction reaction; e. g. 
the reverse of the reaction (5.1) or (5.2) is 
Qact = I*t                                                                                           (5.7) 
Where  
 I: the applied electric current; A, and 
t: time of electrolysis; s. 
The percent current efficiency, (C. E. %), the percent current efficiency, (C. E. 
%), was given in chapter 2 as 
C. E. % =  
𝑄𝑡ℎ
𝑄𝑎𝑐𝑡
 * 100                                                             (2.16) 
In the case of removing a heavy metal, using a batch-recirculated 
electrochemical reactor, from a solution of V (L) having initial concentration 
Co, 
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ni = V* (Co  -  Ct)i / Mi                                                                                    (5.8) 
Where; Mi is the molar mass of species i; g/mole. 
The reduction of H+ ions increases the pH of the treated solution. Hence, the 
number of moles of the hydrogen ions reduced can be calculated from the 
following equation. 
𝑛𝐻 =  𝑉[10
−𝑝𝐻𝑜  −  10−𝑝𝐻𝑡]                                                     (5.9) 
Then, the C. E. % can be calculated via the equations (5.6 to 5.8).  In this 
manuscript, however, the current efficiencies of metal removal and of 
hydrogen evolution were separately calculated; in order to disclose the effect 
of the cathodic reduction of H+ ions, as a side reaction, on current efficiency of 
metal removal which is the required target. The current efficiencies of metals 
removal and hydrogen evolution are defined in equations (5.10) and (5.11). 
C. E. % of metals = 
𝐹∗𝑉∗𝑧∗{[
(𝐶𝑜 −𝐶𝑡)
𝑀
]
𝐶𝑢
 +  [
(𝐶𝑜−𝐶𝑡)
𝑀
]
𝑍𝑛
} 
𝐼 ∗ 𝑡
∗ 100                (5.10) 
C. E. % of hydrogen = 
𝑧∗𝐹∗𝑉∗[10−𝑝𝐻𝑜  − 10−𝑝𝐻𝑡]
𝐼∗𝑡
 *100                          (5.11) 
Where; zCu = zZn = z =2; and zH = 1. 
 
5.3.2.2 Effect of Cu to Zn ratio 
Figure (5.6) shows the change of C. E. % of removing Cu and Zn with time of 
electrolysis for various mass ratios of Zn to Cu. On the same Figure the mass 
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and C. E. % of evolved hydrogen, as the main byproduct of electrolysis, were 
plotted. The experimental conditions are given in 5.3.1.1.   
From Figure (5.6-a), after 15 minutes of electrolysis, it can be seen that the C. 
E. % for removing metals, i. e. Cu, and hydrogen evolution were about 91  and 
7.2, respectively. The summation of the two current efficiencies gives 98.2% 
which indicates that the reduction of hydrogen ions at the cathode was the 
main factor that decreased the utilization of electric current.  After 105 
minutes current efficiencies were 40.3 % and 6.8 % for removing metals and 
evolved hydrogen, respectively; whereas the corresponding removal 
percentages reached 98 and 29.4 for Cu and Zn, respectively.   The Figure, 
also, shows that the rate of the total mass of evolved hydrogen was increasing 
with time and diminished after 75 minutes. 
 
 
 
 
 
 
 
 
 
                                                           
            Fig. (5.6-a) - 20 % Zn & 80 % Cu 
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Fig.(5.6-b) - 40 % Zn & 60 % Cu 
 
As shown in Figure (5.6-b), the rise in zinc content, from 20 % to 40 %, led to, 
after 15 minutes of electrolysis, increased  mass of hydrogen generated as 
well as increased C. E. % for this generation and decreased C. E. % of removing 
the metals from the 91%, Figure (5.6-a), to 82 %.  At the end of electrolysis, 
the C. E. % of removing the metals was 37.9 and that of hydrogen evolution 
was 6.8. This Figure, as well, reveals that the rate of the total mass of evolved 
hydrogen was increasing with time and then diminished after 60 minutes. 
Similar behaviors can be deduced from Figures (5.6-c) to (5.6-e). 
 
105 
 
 
Fig. (5.6 - c) - 60% Zn & 40 % Cu 
 
 
Fig. (5.6 - d) - 80 % Zn & 20 % Cu 
 
  
Fig. (5.6 - e) - 100 % Zn 
Figure (5.6) - Effect of Cu: Zn ratio on C. E. % for removing metals and hydrogen 
evolution 
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Figure (5.7), therefore, was constructed in order to facilitate comparison 
between the obtained results. The figure reveals that the rate of generation of 
hydrogen increased with increasing Zn percentage, but the time at which this 
rate started to diminish was decreased. 
 
Figure (5.7) - Effect of Zn % on Hydrogen evolution 
Figure (5.8-a) illustrates that the C. E. % of metals removal decreased with 
time of electrolysis and with increased Zn ratio. Figure (5.8-b), meanwhile, 
shows that the C. E. % of hydrogen generation increased with increasing Zn 
ratio and decreased with the progress of electrolysis. These observations 
reveal that the generated hydrogen during the initial periods of electrolysis is 
the main reason for decreasing current efficiency, but there are other reasons 
caused the decrease in efficiency in the later stages of electrolysis. One of the 
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reasons causing loss of current efficiency is the passage of the applied electric 
current through the cell resistance; i. e. IR drop. This loss is appeared in 
increasing the temperature of the treated solution with time of electrolysis. In 
all experiments performed at 3A, however, the temperature rise did not 
exceed 5oC from the start to the end of a run; therefore the IR drop is not a 
major factor. During the performance of a run, it was observed that the color 
of the treated solution changed from light blue, characteristic to copper 
sulfate, to light violet after about 45 minutes of electrolysis and a precipitate 
started to appear. This precipitate was separated, dried and analyzed by 
Energy Dispersive X-Ray (EDX). The result of analysis, Figure (5.9) and Table 
(5.1), indicated the presence of C, O, S, Cl, Cr, Fe, Ni, Cu and Zn in the 
precipitate. This means that the anodic dissolution of 316 St. Steel is another 
factor causing loss of current efficiency. Therefore, in order to improve 
current efficiency, the usage of inactive electrode is essential otherwise the 
intensity of the applied electric current must be decreased, at the later 
periods of electrolysis, to limit anodic dissolution. 
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        Fig. (5.8-a) – C. E. % of metals removal 
 
 
 
 
          Fig. (5.8-b) – C. E. % of hydrogen evolution 
     Figure (5.8) -  Effect of Zn % on C. E. of metal removal and hydrogen evolution 
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Figure (5.9) - Results of Energy Dispersive X-Ray Analysis (EDX) of the precipitate (60% 
Zn and experimental conditions: the same as in fig. 5.2) 
 
 
                                                      Table (5.1) – Results of EDX 
 
 
 
 
 
 
 
 
 
 
5.3.2.3 Effect of applied current 
 
Figure (5.10) depicts the effect of applied electric current on C. E. % of metals 
removal, C. E. % of hydrogen generation.  The kinetics of the mass of hydrogen 
generated is shown as well.   
Element Weight% Atomic% 
C 10.92 23.95 
O 28.93 47.64 
S 1.21 1.00 
Cl 4.96 3.68 
Cr 7.09 3.60 
Fe 12.85 6.06 
Ni 1.09 0.49 
Cu 25.61 10.62 
Zn 7.34 2.96 
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The C. E. % of metals removal decreased with increased intensity of the 
applied electric current and with the progress of electrolysis process; Figure 
(5.10-a). For the C. E. % of hydrogen evolution, Figure (5.10-b) illustrates that 
it decreased with time. After 15 minutes of electrolysis the current efficiencies 
when the applied current intensities were 5 and 7 A were larger than that 
when the applied current was 3A, due to increased mass of evolved hydrogen 
according to Figure (5.10-c). As was previously stated, in 5.3.2.2, the reduction 
of hydrogen ions at the cathode was the main factor that caused the loss of C. 
E. during the initial periods of electrolysis and the effects of IR drop and anodic 
dissolution appeared thereafter.  It is also observed from the Figure that the 
moment at which the rate of hydrogen generation was leveled off decreased 
with increasing electric current intensity; this means that the IR drop and 
anodic dissolution are the major reasons of lowering current efficiency. From 
Figures (5.10-a) and (5.10-b) after 15 minutes of electrolysis, at an applied 
current intensities of 5 and 7 A, the current efficiencies of Cu and Zn removal 
were 58.3 % and 47.08 %, respectively; meanwhile, the corresponding current 
efficiencies of hydrogen evolution were 19.45 % and 19. %. The summation of 
both current efficiencies - of metals and hydrogen - is less than 80 % which 
means that the effects of IR drop and anodic dissolution on decreasing C. E. 
appeared at the initial periods of electrolysis. Figure (5.11), on the other hand, 
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indicates that the effect of IR drop at 3 and 5 A is less than that at 7 A, since 
the temperature rise was smaller; i.e. the decrease in C. E. % related to IR drop 
is considerable when high current intensity was applied. 
 
 
Fig. (5.10 -a) - C. E. % of Cu and Zn removal 
 
 
            Fig. (5.10 -b ) - C. E. % of hydrogen evolution 
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    Fig. (5.10 -c ) – Mass of evolved hydrogen 
Figure (5.10) - Effect  of applied current  intensity on C. E. % of metal removal and 
hydrogen evolution of the solution containing 40% Zn & 60% Cu 
 
 
 
Figure (5.11) – Effect of applied current  intensity on temperature rise of the 
solution containing 40 % Zn & 60 % Cu. (Time of electrolysis = 75 minutes.) 
 
It was reported in 5.3.1.2 that the removal of Cu and Zn increased with 
increasing the intensity of applied current whereas, according to what 
mentioned in this sub-section, the C. E. % decreased.  The increase in removal 
of copper might be qualitatively explained in the following points: 
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1- The temperature of the treated solution increased by increasing the 
applied current intensity due to the IR drop. 
2- The rise in temperature increased the diffusion coefficient of Cu2+ and 
Zn2+ ions and decreased the viscosity of the electrolyte which served to 
enhance mass transport rates and as a result the rate of Cu and Zn removals 
increased. 
5.4 Summary 
In this chapter the simultaneous cathodic reduction of copper and zinc ions 
from a simulated binary-metallic waste solution on a fixed bed of carbon 
particles in a continuous-recirculation flow reactor is presented.  As an 
objective, this experimental investigation intended to shed light on the effects 
of Cu to Zn weight ratio and intensity of the applied current on the removal 
percent of both metals, generation of hydrogen, as a byproduct of a side 
reaction, and current efficiency of removal. 
Experiments were carried out galvanostatically at room temperature. The 
concentration of supporting electrolyte (NaCl) was fixed at 0.5 M. The 
electrolyte had an initial pH - kept almost constant - at a nominal value of 
2.65. The rate of flow of the treated solution was fixed at 0.065 L/s. 
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The experimental results revealed that: 
- The increase of Zn ratio did not affect the removal of copper negatively; but 
the presence of Cu with Zn did. 
- Increasing applied current intensity enhanced the removal of Cu and Zn 
while the current efficiency was decreased. 
-  The rate of generation of hydrogen, as a reaction by product, increased with 
increasing Zn percentage, but the time at which this rate started to diminish 
was decreased. 
- The reduction of hydrogen ions at the cathode, at 3 A, was the main factor 
that caused the loss of C. E. during the initial periods of electrolysis and the 
effects of IR drop and anodic dissolution appeared thereafter. 
- At current intensities of 5 and 7 A the effects of IR drop and anodic 
dissolution on decreasing C. E. appeared at all periods of electrolysis. 
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CHAPTER SIX 
 
KINETIC STUDY  
 
6.1 Introduction 
The results presented in chapter 4 revealed that the electrochemical removal of 
copper, from monometallic solution, in the batch-circulated system adopted in 
this work is affected by the following operational parameters:  
1- Intensity of the applied electric current. 
2- Initial copper concentration. 
3- Time of electrolysis. 
4- The flow rate of the treated solution.    
5- The initial pH of the electrolyte. 
The results presented in chapter 5 for the simultaneous removal of copper 
and zinc, from bimetallic solution in the same system, showed that the mass 
ratio of copper to zinc must be added as a sixth operational parameter. 
It is well known that in order to describe the performance of a system or to 
get data beyond the observed data, a mathematical expression or correlation 
is needed. This correlation should establish the relationships between the 
variables controlling the system behavior. 
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In the literatures there is no correlation correlating the six operational 
variables mentioned above. To find or to deduce a general correlation is a 
difficult task as the obtained equation will be limited to the adopted 
experimental conditions. 
Ruotolo and Gubulin (2002 studied the kinetic and hydrodynamic behaviors of 
a ﬁxed-bed electrochemical reactor. The porous cathode consisted of 1.0 mm 
equilateral cylindrical copper particles. They reported that the curves 
describing the kinetics of the decrease in copper concentration in the 
electrolyte are linear up to the moment when they become exponential in 
time. In spite they did not introduce any rate expression; the presented data 
indicate that the slope of the linear portion, i.e. the rate of the deposition 
process, depends on the range of initial concentration of copper. Moreover, 
the effect of current density on the deposition rate was not considered. 
Olufemi et al. (2010) utilized optimization techniques to theoretically and 
practically optimize the fabrication and operation of suitable electrochemical 
cells with the possibility of totally removing copper from a CuSO4–Na2SO4 
wastewater at almost 100% current efﬁciency.  They stated that the 
electrochemical removal of copper ions follows ﬁrst order kinetics and the 
concentration at a particular time is given as: 
ln CF =ln Co – kt (SC/ VS)                         (6.1) 
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Where 
 CF: ﬁnal concentration of copper ion after any given electrolysis time t,  
Co: the initial copper concentration,  
SC: the total active cathode surface area,  
VS: volume of the electrolyte solution being treated, and  
k: the apparent ﬁrst order reaction rate constant for copper electro-deposition 
at the cathode.  
They did not consider the effects of flow rate and initial pH on k. Equation 
(6.1) indicates that the value of k is constant and independent of the applied 
current density. Additionally, the value of SC might be difﬁcult if not impossible 
to estimate for a packed bed electrode made of graphite particles. The 
equation, as well, does not reﬂect the effects of neither the initial 
concentration of metal nor the initial pH on k. 
Khattab et al. (2014, p. 93–103) used packed-bed cathode reported that the 
removal of copper, from simulated wastewater solution, was found to follow 
ﬁrst order kinetics and dependent on initial copper concentration, applied 
current density and supporting electrolyte concentration. They did not, 
however, indicate the effect of the initial pH on the value of the apparent 
reaction rate constant. 
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In this chapter, the kinetics of the removal of copper, from monometallic 
solution, and copper and zinc from bimetallic solution is dealt with. It should 
be mentioned that the Microsoft Office Excel 2010 was used for constructing 
and curve fitting of the all presented plots.  
6.2 Kinetics of copper removal from monometallic solution – effect 
of operating parameters 
6.2.1 Effect of flow rate 
The effect of the flow rate on the removal of copper is shown in Figure (6.1) in 
which the natural logarithm of copper concentration at time t is plotted 
against time for different flow rate values. The results obtained from these 
runs reveal that the copper removal increased with increasing the flow rate 
and follow first order kinetic model with respect to the metal concentration; 
i.e. the decay of copper concentration is represented by 
𝑙𝑛 
𝐶𝑡
𝐶𝑜
 = − 𝑘𝑡                 (6.2) 
 
Where k, min.-1, is the apparent rate constant.  
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Figure (6.1) - Plot of ln [CCu] versus time for different flow rate values; same experimental 
conditions of fig. (4.5). 
 
The values of ln [k], obtained from the slopes of the lines in the Figure (6.1), 
were plotted versus the natural logarithm of the values of flow rate (F. R.). The 
plot is shown in Figure (6.2). A linear relationship exists between ln [k] and ln 
[F.R.]. 
 
          Figure (6.2) - Plot of Ln[k] versus ln [F. R.] at current intensity of 4 A 
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The same conclusion can be extracted from Figures (6.3) and (6.4). It might be 
observed that the slope of the line representing ln [k] versus ln [F.R.] increased 
with increasing applied current intensity from 4 to 5 A.  The relation between 
k and F.R has the form 
 𝑘 =  𝐴𝐹.𝑅. (𝐹. 𝑅. )
𝐵𝐹.𝑅.                                                             (6.3) 
Values of AF.R. and BF.R. are given in table (6.1) for two current intensities. 
Table (6.1) – Values of AF.R. and BF.R 
Current intensity, A AF.R., min.-1 BF.R. 
4 0.0628 0.3885 
5 0.0878 0.4179 
 
 
Figure (6.3) - Plot of ln CCu versus time for different flow rate values; same experimental 
conditions of fig. (4.6). 
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        Figure (6.4) - Plot of ln[k] versus ln [F. R.] at current intensity of 5 A 
 
 
6.2.2 Effect of initial metal concentration 
The effect of initial Cu2+ ion concentration on the removal rate is shown in 
Figure (6.5). According to these results the apparent rate constant decreased 
with increasing initial copper concentration in the treated solution. This means 
that, at a fixed intensity of the applied electric current, whenever the treated 
solution has large concentration of copper ions, longer time is needed than 
the time required if the concentration of copper ions is small to reach the 
same percent removal. 
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Figure (6.5) - Plot of ln CCu versus time for different initial Cu concentration; 
same experimental conditions of fig. (4.11). 
 
It is worth noting that the results in Figure (6.5) do not conflict with the results 
of Figure (4.11). For instance, by applying equation (6.2), when t = 15 min., the 
mass of removed copper per liter of solution (= Co – C) from the solution 
containing 801 mg / L is greater than that removed from the solution 
containing 344 mg / L. 
   
Figure (6.6) - Plot of ln [k] versus ln [Co] 
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Using the rate constant values form Figure (6.5) a plot of ln [k] versus ln [Co] 
was drawn in Figure (6.6).The straight line has a slope of -1.05 with a 
correlation coefficient of 0.9837.  The relation between k and Co is 
𝑘 = 19.3018 ∗  (𝐶𝑜)
− 1.05021                                                        (6.4) 
 
6.2.3 Effect of initial pH [pHo] 
The effect of the initial pH of the treated solution on the kinetics of copper 
removal was investigated using different initial pH values. The experimental 
findings exhibited that the solution pHo had a considerable effect on the 
copper removal rate. It might be observed, from Figure (6.7), that the 
apparent rate constant increased with increasing the initial pH of treated 
solution. 
 
Figure (6.7) - Plot of ln CCu versus time for different initial pH values; same 
experimental conditions of fig. (4.1). 
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Plotting of ln [k] against ln [pHo] is shown in Figure (6.8). The slope of the line 
is 1.407 with correlation coefficient of 0.932. 
 
            Figure (6.8) - Plot of ln [k] versus ln [pHo] 
The relation relating k with pHo is 
k = 0.0042*(pHo)1.4067                                                                   (6.5) 
6.2.4 Effect of intensity of applied current 
Figures (6.9) and (6.11) illustrate the effect of the intensity of electric current 
on the copper removal rate at two different values of flow rate. These figures 
reveal that the removal process, also, follow first order kinetics. 
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Figure (6.9) - Plot of ln CCu versus time for different values of current intensity; same 
experimental conditions of fig. (4.13 -a) 
 
 
Figure (6.10) - Plot of k versus intensity of applied current; the same operating 
parameters of Fig. (6.9). 
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Figure (6.11) - Plot of ln CCu versus time for different values of current intensity; 
same experimental conditions of Fig. (4.13-b). 
 
 
 
Figure (6.12) - Plot of k versus intensity of applied current; the same operating 
parameters of Fig. (6.10). 
 
As can be seen from Figures (6.10) and (6.12) an exponential function relates k 
with intensity of applied current. This equation is 
k = ko e(αI)                                                                               (6.6) 
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Where 
α: has the units of A-1. 
I: intensity of applied electric current, A. 
ko = is a factor similar to the frequency (or pre-exponential) factor in the well-
known Arrhenius equation; it has the same units as k. 
Values of α and ko are given in Table (6.2) for two circulating flow rates. 
 
Table (6.2) – Values of α and ko for two values of flow rate 
Flow rate, L/s ko, min.-1 α, A-1 
0.02 0.005 0.2313 
0.068 0.0089 0.2372 
 
To represent the influence of the operating parameters on the apparent rate 
constant of electrochemical removal of copper, a mathematical model must 
be proposed. Actually, it was reported that, [75], the rate of electrochemical 
removal of copper in the batch-circulated system, using a packed-bed cathode 
of graphite particles is affected by the following factors:  
1- Applied current density. 
2- Initial copper concentration. 
3- Time of electrolysis. 
4- The flow rate of copper solution. 
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5- Type and concentration of supporting electrolyte. 
6- Shape of current collector. 
This work, as presented in 6.2.3, revealed that the value of the initial pH of the 
treated solution affects the value of the apparent rate constant. By neglecting 
the effects of items 5 and 6, the apparent rate constant can be assumed to be 
a function (F.R.), (Co), (pHo) and (I); i.e. 
k = ƒ (F.R., Co, pHo, I)                                                                              (6.7) 
For estimating the relationships among dependent variable k and the 
independent variables (F.R.), (Co), (pHo) and (I), a suitable regression method 
must be used. It must be mentioned that, the resulting regression function can 
only be used for electrolytic reactors similar to the one presented in this work 
when copper is to be removed. 
  
6.3 Kinetics of simultaneous removal of copper and zinc from bi-
metallic solution 
 
6.3.1 Kinetics of copper removal 
The effect of the mass ratio of copper to zinc, present in the treated solution, 
on the kinetics of copper removal is depicted in Figure (6.13).  The plotted 
results indicate that the copper removal increased with decreasing the ratio of 
copper to zinc and follow first order kinetic model with respect to the copper 
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concentration; i.e. the decay of copper concentration is also represented by 
Eq. (6.2). Here, as well, the value of apparent rate constant decreased with 
increased copper concentration which agrees well with the results presented 
in 6.2.2. 
 
          Figure (6.13) - Plot of ln [CCu] versus time for different values of copper to zinc ratios 
                             [Experimental conditions is described in 5.3.1.1] 
 
6.3.2 Kinetics of zinc removal 
Figure (6.14) shows the kinetics of zinc removal under the same experimental 
conditions of Figure (6.13).  As for copper, the decay of zinc concentration 
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follow, as well, first order kinetic model with respect to the zinc concentration. 
However, the value of the apparent rate constant, k, is almost independent of 
the mass ratio of copper to zinc; as the lines representing ln [CZn] versus time 
are almost parallel. Figure (6.15) illustrates the variation of k with copper to 
zinc ratio as well as the initial concentration of zinc. The average value of the 
apparent rate constant is 0.00796 min.-1 with standard deviation of 0.0037. 
 
 
Figure (6.14) - Plot of ln [CZn] versus time for different values of copper to zinc 
ratios 
[Experimental condition is described in 5.3.1.1] 
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                                     Figure (6.15) – Variation of k for Zn with Cu:Zn mass ratio 
 
6.3.3 Effect of current intensity on the kinetics of simultaneous removal of 
copper and zinc 
In order to investigate the effect of the applied current intensity on the 
kinetics of simultaneous removal of copper and zinc, the two bimetallic 
solutions containing 60 % and 40 % Cu were treated at applied current 
intensities of 5 and 6 A while keeping constant flow rate of 0.065 L/s and 
constant pHo (=2.65). 
6.3.3.1 Solution containing 60 % copper 
- Copper 
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                                                                              Figure (6.16-c) 
                        Figure (6.16) – Effect of current intensity on kinetics of copper removal 
 
These results indicate that the decay of copper concentration follows the 
model described by Eq. (6.2) and the value of k increased with increasing the 
current intensity. The relation between k and current intensity is an 
exponential function according to Figure (6.17).  
 
 
 
 
                              Figure (6.17) – Relation between k and applied current intensity for Cu 
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- Zinc 
 
 
                                   Figure (6.18-a)                                                             Figure (6.18-b)  
 
 
 
 
 
 
 
                                                                        
                                                                                   
                                                                            Figure (6.18 - c) 
                    Figure (6.18) - Effect of current intensity on kinetics of zinc removal 
 
From Figure (6.18) it is evident that the decay of zinc concentration follows 
first order kinetics with respect to zinc concentration and the value of 
apparent rate constant increases with increasing current intensity. The 
relation between k and current intensity is show in Figure (6.19); the relation 
is an exponential one. 
y = -0.0083x + 5.5815
R² = 0.9913
0
2
4
6
0 20 40 60 80 100 120
ln
 [
C
Zn
]
Time, min.
I = 3 A
134 
 
 
      Figure (6.19) – Relation between k and applied current intensity for Zn 
 
 
6.3.3.2 Solution containing 40 % copper 
- Copper 
According to the data presented in Figure (6.20), the value of the apparent 
rate constant increased with increasing current intensity. This observation is 
well agreed with the observation mentioned in 6.3.3.1. However, when 
comparing the values of k, at the same value of the applied intensity of 
electric current, one can find that the value of k for the 40% solution is larger 
than its value for 60% solution, which is contrary to what has been observed 
when the copper was removed from monometallic solution. The increase of 
zinc ratio might enhance the removal of copper. 
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                                 Figure (6.20-a)                                                                Figure (6.20- b) 
 
 
 
        Figure (6.20 - c) 
            Figure (6.20) – Effect of current intensity on kinetics of copper removal 
 
Also, k is related to current intensity by an exponential function; Figure (6.21). 
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Figure (6.21) – Relation between k and applied current intensity for Cu. 
 
 
- Zinc 
 
                                  Figure (6.22 - a)                                                           Figure (6.22- b) 
 
 
Figure (6.22 - c) 
              Figure (6.22) - Effect of current intensity on kinetics of zinc removal 
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The results shown in Figure (6.22) confirm the observation of the effect of 
applied current intensity on apparent rate constant.  The most important 
observation is that the values of k is independent of the initial value of zinc 
concentration as long as the current intensity is constant; as previously 
reported in 6.3.2. The relation between k and current intensity still an 
exponential one as shown in Figure (6.23). 
 
      Figure (6.23) – Relation between k and applied current intensity for Zn 
 
6.4 Summary 
This chapter is concerned with the determination of order of the kinetics of 
metal-removal process and to shed light on how the operating parameters 
affect the value of rate constant.  
Firstly, the removal of copper from monometallic solution was dealt with 
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were presented. Secondly, the kinetics of simultaneous removal of copper and 
zinc from bimetallic solutions (containing different mass ratios of the two 
metals) was considered in order to: 
-  disclose the effect of the presence of a metal on the removal kinetics of the 
other and 
- elucidate the effect of increasing applied current intensity on the kinetics of 
the simultaneous removal of both metals. 
The following conclusions could be drawn: 
1 - Removal of copper from monometallic solution: 
- The removal of copper ions followed first order kinetics with respect to 
the copper concentration under all the experimental conditions reported in 
chapter 4. 
- The apparent rate constant, k, was found to be a function of (F.R.), (pHo), 
(Co)Cu and (I). The relations correlating k with each of these operating 
parameters are: 
  i.e. k increases with increasing F.R. 
 k = 0.0042*(pHo)1.4067 ; i.e. k increases with increasing pHo. 
  i.e. k decreases with increasing initial 
copper concentration Co. 
k = koe(αI); i.e. k increases with increasing current intensity I. 
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2- Removal of copper and zinc from bimetallic solution 
- The copper removal increased with decreasing the ratio of copper to zinc 
and follow first order kinetic model with respect to the copper 
concentration.  The value of apparent rate constant decreased with 
increased copper concentration; i. e. increased the mass ratio of Cu to Zn. 
- The decay of zinc concentration follow, as well, first order kinetic model 
with respect to the zinc concentration. However, the value of the apparent 
rate constant, k, is almost independent of the mass ratio of copper to zinc. 
- The removal of both metals increased with increasing intensity of applied 
current. 
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CHAPTER SEVEN 
 
Conclusions and Future Recommendations  
 
Conclusions 
From the results and discussions presented in chapters 4, 5 and 6, the 
following main conclusions could be drawn. 
Chapter 4 
The experimental results showed that: 
 - The increase in pHo (provided not lead to the deposition of copper 
hydroxide), initial concentration of copper and circulated rate of flow 
increased the removal of copper as well as led to improvement in current 
efficiency. However, increasing intensity of applied electric current increased 
the removal of copper and decreased current efficiency. 
- The type of anode, i.e. active or inert, affected copper removal process. 
Stainless Steel (316) anode was observed to corrode at pHo ≤ 1.6; the 
corrosion increased with decreasing pHo. On using carbon (inert) anode, at pHo 
= 1.03, no copper was removed from the treated solution; chlorine gas was 
evolved.  
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- Reduction of intensity of applied electric current with time during the 
electrolysis process while maintaining other operating variables constant led 
to a significant reduction in the consumption of electrical energy used in the 
process of copper removal by electrodeposition; a reduction of 41.6 % could 
be achieved. 
- The experimental set-up used in this work could successfully remove and 
recover copper, using detachable carbon cathode, from a simulated solution 
containing Cu2SO4. The recovered copperwas powdery and when analyzed by 
XRD the result indicated the presence of 72.9 % (by weight) Cuprite (Cu2O) and 
27.1 % Brochantite (a form of Cu2SO4). 
Chapter 5 
The experimental results revealed that: 
- The increase of Zn ratio did not affect the removal of copper negatively; but 
the presence of Cu with Zn did. 
-Increasing applied current intensity enhanced the removal of Cu and Zn while 
the current efficiency was decreased. 
- The choice of the intensity of the electric current to be applied depends on 
the target of the removal process.  If the primary goal is just to remove heavy 
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metals, the intensity of electric current which enables the removal of all 
metals at an appropriate time should be used.  
But if the primary goal is to remove and recover heavy metals, it is necessary 
to use the appropriate intensity of electric current to remove the copper first 
then the separation of zinc is done at a later stage. 
-  The rate of generation of hydrogen, as a reaction by product, increased with 
increasing Zn percentage, but the time at which this rate started to diminish 
was decreased. 
- The reduction of hydrogen ions at the cathode, at 3 A, was the main factor 
that caused the loss of C. E. during the initial periods of electrolysis and the 
effects of IR drop and anodic dissolution appeared thereafter. 
- At current intensities of 5 and 7 A the effects of IR drop and anodic 
dissolution on decreasing C. E. appeared at all periods of electrolysis. 
- To improve the efficient use of electricity the following must be taken into 
account: 
1- Inert anodes must be used. 
2- Initial pH must not be very low to limit excessive evolution of hydrogen; 
and not too high to result in chemical precipitation of hydroxides of the 
heavy metals present. 
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3- The intensity of electric current to be applied must be reasonable to 
affect high removal of metals during the early stages of electrolysis and 
decreased thereafter. 
Chapter 6 
1 - Removal of copper from monometallic solution: 
- The removal of copper ions followed first kinetics with respect to the 
copper concentration under all the experimental conditions reported in 
this work. 
- The apparent rate constant, k, was found to be a function of (F.R.), (pHo), 
(Co)Cu and (I). The relations correlating k with each of these operating 
parameters are: 
 i.e. k increases with increasing F.R. 
 k = 0.0042*(pHo)1.4067 ; i.e. k increases with increasing pHo. 
 i.e.k decreases with increasing initial 
copper concentration Co. 
 k = koe(αI); i.e. k increases with increasing current intensity I. 
2- Removal of copper and zinc from bimetallic solution 
- The copper removal increased with decreasing the ratio of copper to zinc 
and follow first order kinetic model with respect to the copper 
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concentration.  The value of apparent rate constant decreased with 
increased copper concentration; i. e. increased the mass ratio of Cu to Zn. 
- The decay of zinc concentration follow, as well, first order kinetic model 
with respect to the zinc concentration.  
However, the value of the apparent rate constant, k, is almost independent of 
the mass ratio of copper to zinc. 
- The removal of both metals increased with increasing intensity of applied 
current.  
Recommendations 
1- It is highly recommended that an experimental investigation about the 
effects of type of anode and type of supporting electrolyte on the 
electrochemical removal of heavy metals should be carried out. 
2- An electronic device is needed to decrease the applied electric current in 
such a manner that is matched with the decrease of the metal concentrations 
in the bulk of treated solution that is to decrease the effect of hydrogen 
generation on utilization of electric energy. 
3- It is better to install the anode above the cathode so as to facilitate the 
rising and escape of generated oxygen; i.e. prevent the passage of oxygen 
through the packed bed .This will improve the performance of the reactor. 
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4- For industrial applications in water treatments: 
 The developed technique is easy and not complicated in comparison 
with previous methods. 
 To obtain high removing process at short time, a manufactured. 
 The treated water can be reused in other industrial applications. 
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